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EDITOR’S PREFACE 


THE many elementary books on electricity hitherto 
published in England all seem to labour under one of 
two defects. In the one class the student is expected 
to approach the subject with a mathematical equip- 
ment which requires some years of study, and which 
is acquired with difficulty by those who do not possess 
a mathematical turn of mind. In the other, the 
beginner is indeed taught experimentally; but the 
experiments, instead of being designed ad hoc, are 
for the most part the classical ones devised when our 
knowledge of the science was much less developed 
than it is now, and when the working hypotheses 
which give the best explanation of them had not yet 
seen the light. In the two cases the result is the 
same. The student starts on his journey with a very 
small number of electrical facts in his head, and most 
of these he has later to discard to make room for 
others acquired haphazard and in no definite order 
by himself. Of the many who yearly set to work 
with the idea of gaining a practical knowledge of 
electricity, all but a few ardent spirits forget their 
elementary experiments as fast as they can, and 
content themselves with the knowledge of the electric 
current that comes from the daily handling of it, 
while their use of the mathematical equipment acquired 
with so much labour, is confined to finding their way 
about the tables and other data given in technical 
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manuals. It is this state of things which has led to 
that contempt for electrostatics—itself the origin and 
foundation of all our knowledge of electrical pheno- 
mena—lately satirized by Sir Oliver Lodge,’ and 
summarized by him in the phrase of the late Professor 
Fitzgerald, that this branch of the study of electricity 
is “one of the most beautiful and useless adaptations 
of nature.” 

From these defects it is conceived that the following 
pages are free. Originally delivered by Professor 
Kolbe in the form of lectures to his class in St 
Petersburg, he found himself unable to rely upon the 
knowledge of mathematical analysis possessed by his . 
pupils; while, as nearly the whole of the apparatus 
employed had to be made by himself, he did not find 
himself compelled to adapt his experiments to the 
cumbrous and often antiquated instruments to be 
found in most laboratories. At the same time, he 
has fished in many waters, and has rescued many 
striking and luminous experiments from the back 
numbers of the scientific periodicals in which they lay 
buried from the gaze of the general public. As an 
instance, [ may mention the experiment with wire- 
gauze on p. 22, adapted from Professor Vanderfliet, 
which at once gives the beginner a lively idea of the 
fact that electricity comports itself like a very mobile 
fluid; or that adapted from Sir Oliver Lodge, on 
p. 234, in which the student can actually see the cur- 
rent-carrying conductor wrapping itself round a 
permanent magnet. The equations to which the 
author has often found it convenient to reduce the 
results of such experiments are all, it is believed, 

1 Electrons, London, 1906, p. xiii. | 
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within the understanding of anyone acquainted with 
the simplest rules of arithmetic. 

The book, therefore, seems to me admirably adapted 
for the instruction of a class, but there is another 
point of view from which it may be regarded. If 
‘“‘the man in the street,” or, in other words, a person 
of ordinary information and intelligence who has 
passed through the ordinary school curriculum, 
wishes to obtain some insight into the nature of 
electricity, there is hardly any English book at 
present to which he can be referred. Diagrammatic 
descriptions of machines for the commercial pro- 
- duction of electrical energy will hardly help him 
to what he wants, nor will the analysis of compli- 
cated instruments, like Lord Kelvin’s multicellular, 
voltmeter. Here, on the other hand, he should 
find many simple experiments, which, even without 
actually performing them, should give him, when 
read, a fair apprehension of the laws they are intended 
to illustrate, and should enable him to appreciate 
the many popular lectures now delivered on the 
subject. 

The translation which follows is made from the 
second German edition, published by Messrs Springer 
of Berlin in 1904-1905, and Professor Kolbe has 
kindly supplied many alterations and corrections in 
this, which extend not only to the text, but in some 
cases to the illustrations. It may therefore claim to 
be the latest expression of his views, and to be in 
that respect superior to other and earlier versions of 
his work. Progress in electrical science has been so 
rapid of late, that, in spite of this, some exceptions 
may be taken to certain passages in which he deals 
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with the speculative side of his subject; but in an 
elementary work there seemed no obligation to com- 
ment at length upon these. My task as editor has 
therefore been confined to seeing that the book 
appeared in readable English, and my few notes are 
distinguished from the author's own by the signature 
** Ed.” 

In conclusion, I may say that all the apparatus 
illustrated in the text is now manufactured for sale 
by the principal German firms who deal in these 
matters; but the student who may wish to import 
it is recommended, in order to avoid disappointment 
from breakages, to do so through some English firm. 
A still better and more economical plan would be to 
make it himself, which he should have no difficulty 
in doing with the help of the hints given in such 
books as M. Henri Abraham’s Recueil d’ Hapériences 
élémentarres de Physique. 

F, LEGGE. 


Roya INSTITUTION OF GREAT BRITAIN, 
February 1908. 
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I put before you a piece of amber. Amber, as you Amber when 
know, is fossil resin. I place it in one pan of a very SR 
delicate chemical balance, and into the other I pour pe ; but 
sand until the beam of the balance is exactly level. addition or 
Now I rub the amber on a piece of catskin. You see wena 
these tiny pieces of paper lying on the table are 
strongly attracted to it? What has taken place in 
the amber? I rub it again and then lay it once 
more in the scale pan. 

Not the slightest change in its weight has occurred, 
consequently the amber has neither received nor 
lost any ponderable part of its substance. It has 
merely, without at the same time changing its 
qualities, assumed a new condition. We will put 
the amber aside, and after a short time we shall find 
that its power of attraction has become considerably 


weaker, and that it is soon lost altogether. 
1 1 
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What is the nature of this transitory condition of 
the amber? Into this we must now inquire. 

The power possessed by amber, when rubbed, of 
attracting light substances was known 600 years B.C. 
to the ancient Greeks. They called amber “ elektron.” 


' For more than two thousand years the experiments 


made with it were looked upon as mere trifles, fit 
only to amuse children. It was only in the year 
1600 a.p. that the English physicist Gilbert, through 
experiments on the effects of friction on different 
bodies undertaken to test their powers of attraction, 
discovered that many substances, such as sulphur, 
glass, etc., possessed the same property as amber. To 
this property he gave the name “amber force,” or 
electric force. Since then, the word electricity has 
been employed to indicate the cause of this property 
(cf. Appendix,1). From other experiments he obtained 
some very striking, because contradictory, results, 
which at the time caused a stir. But it was not 
until the lapse of another century—that is, until the 
beginning of the eighteenth—that learned men gave 
full attention to electrical phenomena. Discoveries 
then began to follow in quick succession, and the 
number of experimenters and investigators increased 
to an extraordinary degree from decade to decade, 
until the dawn of the present century, when they 
culminated in many practical inventions of far-reach- 
ing importance, such as the electric light, electro- 
plating, telegraphy, telephony, ete.; and such an 
impetus was given to the study of electricity that 
the present century may justly be called the elec- 
trical age. 

Our present object is to make ourselves conversant 
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with electrical phenomena, and, at the same time, to 
follow, as far as possible, the historical development 
of the subject. If we obtain results which, on 
further investigation, we find to be untenable, we 
shall at any rate have accompanied in spirit the 
earlier students of the laws of nature, and be able 
to appreciate the difficulties which beset those who 
spared neither time nor trouble in their endeavour 
to overcome them. 

After this digression, which will serve to indicate 
the aim and object of our researches, let us return to 
our first experiment. Instead of the amber, we will 
now make use of this more convenient and more 
efficient rod of English flint-glass, and as rubber we 
will employ leather treated with amalgam.* 

I rub the glass rod with the amalgamated side of Glass and 
the leather and bring it near to the pieces of paper sare 
before used. Even when it is at a distance from 
them of about 25 cm., the bits of paper are strongly 
attracted and again immediately repelled. I electrify 
the rod again, and bring it near the knuckle of my 
bent forefinger. Even at a distance of 4-5 cm. you 
can hear a crackling noise; and in the dark, minute 
electric sparks can be seen flashing across the inter- 
vening space. On this small board you will notice 


1 The amalgam usually employed in electric experiments con- 
sists of an alloy of two parts by weight of quicksilver heated 
with one part of tin and one of zinc. This hard and rough mass 
is pounded together in a stone or iron mortar and then smeared 
on a piece of leather, which has first been rubbed with tallow 
till it is quite soft. This amalgamated leather will be found most 
effective when the fat has been thoroughly absorbed, and the 
particles of amalgam not clinging to the leather have been got 


rid of by use. 
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some small pieces of the thinnest aluminium foil. I 
throw them into the air and bring the electrified 
glass rod near them. Nearly all these glittering 
morsels make for the rod, only to be as quickly 
repelled after contact with it. I follow them with 
the rod—they fly from it; and you see, with this 
magician’s wand, as it were, I can drive them whither 
I will :—they flutter about like butterflies. 

Now I rub this black ebonite* rod with this fox- 
brush.* The effect on the bits of 
paper, the finger, and the metal 
foil is the same as before, though 
weaker. 

A thread hangs from a wooden 
bracket in the ceiling, to which 
a lozenge-shaped piece of aln- 
minium foil has been attached. 
I again electrify both rods, and 
A, place them parallel to each other 
= and equidistant from the alu- 
minium foil (fig. 1). You again 
see both rods attract the foil, 
but only to repel it immediately; and the leaf repelled 
by the glass rod makes straight for the ebonite one, 
and vice versa, and hence the foil swings to and fro. 
- Gradually the liveliness of the movement ceases, and 
after a time the action of the rods ceases too. How 
shall we explain these phenomena ? 

As the bits of paper and the aluminium leaves do 
not lend themselves easily to examination, | call in 
the aid of the electric pendulum. This consists of two 


tion and repulsion, 


1 Ebonite is caoutchouc vulcanized, 7.e. combined with sulphur. 
* Or a catskin.—£d, 
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balls (about 3 cm. in diameter) made of the light pith 
of the stalk of the sunflower (Helianthus annuus’), 
which are fastened to the movable arms of the stand 
with silk fibre. Why silk, we will soon explain. 

I bring the electrified glass rod near to the pendulum; 
the balls are attracted, and after contact so sharply 
repelled that they appear to swing over the rod as 
it is withdrawn, so that the threads are stretched 
out almost horizontally. I now remove the rod; 
the balls again fall back, but do not move, even when 
the arms of the stand are closed so that the hooks 


Fie. 2,—Electric pendulum of the usual construction, ;4, natural size. 


on which the threads are hung are close together (C, 
fig. 2). Evidently between the two balls the same 
amount of active repulsion now exists as there was 
at the start between the rod and the balls electrified 
by it (B, fig. 2). In this state the electric pendulum 
is charged. 

Now I touch one ball with my hand. My un- 
charged hand, by its mere movement towards the 
electrified pendulum, exercises upon it an appreciable 
influence, just as the electrified rod before did upon the 


1 Of single pieces stuck together (hollow) and finished off with 
sandpaper. One ball is coloured red. (In England the pith of 
the elder-tree is generally used.— Ld.) 
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then uncharged balls. Upon moving the hand nearer, 
the ball touches it, falls back, and is now attracted by 
the second and still electrified ball, and is then again 
repelled, but with distinctly less force than at first. 


I repeat the experiment, and the force of repulsion is 


further weakened—that is to say, the electric charge 
has decreased. 

Let us repeat these experiments with the ebonite 
rod. The result is the same. From what we have 
observed we can formulate the following propositions : 

(1) Uncharged bodies are attracted by charged 
bodies, and wice versa. 

(2) By bringing charged bodies into contact with 
uncharged ones, the latter become electrified, 
and at the expense of the former. 

(3) Two bodies, one of which has become charged 
by contact with the other, repel each other. 

(4) Electrified bodies may be discharged (ze., 
become neutral) by contact with the hand. 

With the exception of the peculiar behaviour of the 
piece of foil, which, you will remember, fluttered to 
and fro between the glass and the ebonite rods (fig. 1), 
we have reduced all the phenomena so far observed to 
distinct propositions. We must postpone the solution 
of the problem remaining, until we have examined the 
behaviour of other substances when submitted to the 
action of friction. 

Here we have a number of rods and small metal 
plates of different materials. First I take a stick of 
resin or sealing-wax, and strike it with a fox-brush. 
The balls of the discharged pendulum are strongly (1.e., 
at some distance) attracted. We notice the same 
thing happen when a piece a sulphur or a sheet of mica 
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is used. On the other hand, the attraction is weak, 
that is, is only perceptible in close proximity to the 
balls in the case of whalebone, seasoned wood, paper, 
bone, etc., and finally, it is quite unobservable in the 
metal rods, and in a piece of soap-stone or steatite. 
Glass rods behave very differently ; some can be 
charged with ease, others not at all. Hence we can 
divide the bodies examined into those which may be 
electrified and those which may not; or, shortly, into 
electric and non-electric (Gilbert, 1600). Let us 
observe if this divi- 
sion can be kept to. 

The electroscope 1s 
in most cases a much 
more convenient in- 
strument than the 
electric pendulum 
(electroscope = elec- || 
tricity-finder). Inow ®& 
put before you two - 
very simple, but at 
the same time very useful ones for our purposes. 

This pattern has this advantage over those usually 
employed, that the position of the leaves can be 
better seen, and that they are not destroyed by 
strong charges of electricity. 

Here we have (fig. 3) two wide glass bottles, the Paper elec- 
bottoms of which have been cut off, and replaced by gg A 
metal-plates with their edges turned up all round. 

The tops are closed by ebonite stoppers pierced 

by amber tubes, through which a nickel - plated 

brass rod has been pushed; to the upper end of 

this a rather large nickel-plated ball is screwed. 
7 


Fic. 3.—Paper electroscope, + natural size. 


Conductivity. 
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A hole is bored in the side of this so that a thick 
wire may be inserted. Inside the bottle two little 
curved pieces of fine, polished German silver wire 
are fastened to the conducting-rod, and to these 
are hung two strips of red tissue-paper, able to turn 
easily in the wire loop. At the lower end of each 
of these strips of paper is a crescent-shaped knob,! 
an addition which allows the position of the leaves 
to be seen from a greater distance. 

I touch the ball of one of the electroscopes with 
the electrified glass rod. You notice that the leaves 
diverge (B, fig. 3), and still retain their position after 
the withdrawal of the glass rod. The electroscope is 
charged. If I now touch the ball on the conducting 
rod with the finger, the leaves fall together at once. 
Just the same thing occurs if I touch the electroscope 
with the end of a rod of metal, green wood, or steatite 
(soapstone) held in the hand. Now I touch the 
re-charged electroscope with a rod of whalebone—the 
leaves sink slowly. This also happens when it is 
touched with seasoned wood, paper, etc. If, on 
the other hand, I touch the electroscope with an 
uncharged rod of ebonite, no action takes place. 
This is also the case with a rod of sealing-wax, a 
strip of mica, a silk thread, ete. 

To check this experiment, we will repeat it in a 
somewhat different manner. On the two hooks a, and 
Gy (fig. 4) inserted into the holes in the balls, I lay 


1 The strip of paper is first cut into the shape of ad. The loop 
of the d is then folded back once upon its vertical stroke immedi- 
ately before the attachment of the other end of the strip to the 
wire loop. On being released, it will stick out at right angles 
to the rest of the strip.— Ed. 
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a metal rod (m) and electrify one of the electroscopes 
(A) by touching it with the electrified rod. You will 
see that at the same moment both electroscopes become 
charged, and after the removal of the rod the leaves 
show an equal deflection or divergence. The con- 
necting wire (m) may be of any kind of metal and 
of any length. 

From two wooden brackets fixed to the ceiling, 
and parallel to the experiment table, hang some 
strong silk threads ending in small wire hooks. I 
take a fine wire 
about twelve 
metres long, fasten 
one end of it to the 
conducting rod of 
one of the electro- 
scopes, and carry 
the wire along the 
insulated hooks 
across the whole = = 
leneth of the table Fic, 4.—Demonstration of the conductivity 
Rreehan again i of solid bodies. 
the second electroscope, which is quite close to the 
first, so that you can see them both at once. I now 
charge one of the electroscopes, and you see how at 
the same moment the other diverges and shows the 
same strength of charge. 

From these experiments we learn that the metal Good con. 
in an immeasurably short time has conducted the ee 
electricity from one electroscope to the other. Hence 
we call metals good conductors of electricity. To 
these good conductors steatite also belongs. 

Now I replace the metal rod (in fig. 4) by a whale- 
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bone rod of equal length, and charge the electroscope 
A as before; the electroscope B becomes slowly charged, 
but does not reach so great a divergence as A. The 
same result follows if I employ, instead of the whale- 
bone, a roll of paper or a piece of seasoned wood. 

If I use longer rods of these materials, it takes 
longer before the electroscope B is charged, and the 
maximum divergence shown by it is smaller. Hence 
it follows that whalebone, dry wood, etc, are bad 
conductors of electricity (half-conductors). 

Finally, if I connect both electroscopes by a rod 
of ebonite, sealing-wax, flint-glass, a strip of mica, 
or a silk thread, etc., the electroscope B receives no 
charge; therefore these materials are non-conductors 
or insulators’ of electricity. Ordinary glass shows 
similar behaviour. Certain kinds insulate exceed- 
ingly well, among which are several kinds of green 
bottles; others conduct better than whalebone. We 
shall return to these later. 

We now know that those bodies called by Gilbert 
electric are insulators. What about the electrifica- 
tion of the conductors ? 

Here you see a thick plate of steatite.? In one 
of its surfaces there is a shallow, conical hole into 
which an ebonite rod fits tightly. Holding the 
insulated handle, I flick the steatite with the fox- 
brush. Listen !—as the fingers are brought near to 

1 No perfect insulators are found, yet the conductivity of 
the substances named is so slight that we can only discover it 
by means of the most delicate methods. For the purpose of our 
experiments we can consider these bodies as true insulators. 

2 Speckstein, that is, soapstone. The German edition gives as 
an equivalent “talc,” which in England is generally applied to 


mica,— Ed, 
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it, a crackling is heard and sparks are seen. I bring 
the steatite near the electric pendulum (fig. 2, p. 5)— 
the balls are strongly attracted. The good conductor 
steatite becomes strongly electrified by rubbing, if it 
is protected from contact with the hand by means 
of an insulating handle. 

Let us repeat the experiment, using a metal plate 
into which is inserted an ebonite rod. When the 
fingers approach it, scarcely any crackling can be 
heard, but the balls of the electric pendulum are 
attracted and the electroscope is charged when 
touched by it. Insulated rods of whalebone and 
other partial conductors may also be charged, that is, 
all properly insulated bodies may be electrified by 
rubbing or by contact with electrified bodies.’ 

We thus see that the division of bodies into electric 
and non-electric is based on an error. 

On account of the important part which glass Behaviour 

: . of different 
plays in electrical apparatus, I may be allowed here kinds of 
to spend a few moments on the remarkable behaviour 8!2**. 
of ordinary glass. 

I touch with this glass rod, which has been lying 
on the table for some time, the charged electroscope 
—the leaves fall together rather quickly; that 1s, 
the glass conducts. Now I hold the rod for some 
moments in the flame of a spirit-lamp—it conducts 
no longer. Now I plunge the rod in pure water and 
allow the drops clinging to it to run off—it conducts 
better than before; wiping it with a dry cloth has 
not much effect, for an invisible film of water still 
remains on it. While lying exposed to the air, a 


1 Hence we understand the part played by the silk thread of 
the electric pendulum, and the ebonite stopper of the electroscope. 
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thin film of moisture was precipitated on it, which was 
turned into steam by the flame of the spirit-lamp. 
Evidently there is some connection between this 
(soda) glass and the moisture of the air. Ordinary 
glass is often hygroscopic. 

Now I plunge the flint-glass rod into pure water and 
touch with it the charged electroscope. You see that 
the rod does not conduct, although drops of water still 
cling to it. If you examine the rod more closely you 
will find that the water does not form an unbroken 
film on it, but that it has gathered into many inde- 
pendent drops. Hence we see that moisture will not — 
cling to flint-glass, so flint-glass is not hygroscopic. 
Hence its excellence as an insulating medium. 

As, however, the high price of English flint-glass 
makes its universal employment for electrical ap- 
paratus impossible, the hygroscopic surface of ordinary 
glass must be covered with some substance which 
will make it proof against all attacks of atmospheric 
moisture. First the glass to be treated must be 
thoroughly dried and warmed, and then the part to 
be insulated is given a coating of shellac. More 
effective still is amber-varnish. 


So far we have confined ourselves to the considera- 
tion of the electrification and conductwity of solid 
substances and the effect they have on one another. 
Now we will go a step further and compare the 
different kinds of electricity present in them. 

Suspended from this electric pendulum (fig. 5) we 
see two pith balls, differently coloured. I charge the 
red ball (7) with the glass rod, and the green one (9) 
with the ebonite one. IfI bring the glass rod near 
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both balls at the same time (fig. 5), the red ball, 
charged with the glass rod, is repelled, while the 
green one, charged with the ebonite rod, is attracted. 
In fig. 5, the original position of the balls is indicated 
by dotted lines. 

If I bring the ebonite rod near, instead of the glass 
one, the contrary happens—the red one is attracted 
and the green one is repelled. 

In both cases attraction takes place between the 
rod held in the hand and 
the ball charged by the other 
rod; on the other hand, as 
already observed, repulsion 
takes place between the rod 
and the ball charged by it. 
We must therefore conclude <= 7a@2 =~ 
that in the glass rod and = 
the ebonite rod, two different 
kinds of electricity have been 
called into being, between 
which there is an attraction, and thus the striking be- 
haviour of the little metal leaf (in fig. 1) is explained. 

How many kinds of electricity, then, are there ? 

I discharge both balls of the pendulum, and then Only two 
again charge one of them by means of a plate of ites ee 
steatite, held by an insulated handle, which has been 
rubbed by a fox-brush; the other I charge with a rod of 
resin or hard sealing-wax. ‘The glass rod, when brought 
near, attracts both balls; the ebonite one repels both ; 
v.€., the electric conditions occasioned in the steatite 
and in the resin by rubbing are just the same as that 
of the ebonite. If, on the other hand, we charge the 
pendulum with a piece of mica or of rock crystal 


Fic. 5. 
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also rubbed with a fox-brush, it acts as if electrified 
by the glass rod. No matter what substances we 
employ, we get the same result. ‘There are two, 
and only two, kinds of electricity (Dufay, 1733). 
These two kinds are called witreous electricity and 
resinous electricity, or, according to the proposal of 
Franklin (1747), positve electricity (+ E) and negative 
electricity (—E). The law, then, is:—Lvke elec- 
tricities repel each other, unlike attract each other. 
Now you will ask: What about the stuff used to 
rub, or, as it is called, the rubber? This question 
| is quite in order, and we will 

answer it at once. 

Particularly suitable for this 
purpose is the electric needle 
(fig. 6). Here we see two thin, 
very light tubes of ebonite. 
Ebonite At the end of one a disk of 
= a) glass 1s inserted in the notch 
lb shown; to the other end an 
Fic, 6.—Electric needle of ebonite plate of the same size 
Wiedeman, 7y natural size. is fastened by means of sealing- 
wax. ‘To the other rod in the same manner two thin 
strips of wood are fastened, one of which is covered 
with amalgamated leather and the other with cat-skin. 
Now look at the ceiling of the room: you will 
remark two wooden brackets into each of which a 
double hook has been screwed. From these, two 
silk threads hang down, supporting a wire loop or 
stirrup (d, fig. 6). 1 now rub the glass plate with the 
amalgamated leather, the ebonite plate on the cat-skin, 
and hang the rod with the two disks in the stirrup” 


in such a way that the electric needle is horizontal. 
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If I bring the amalgamated leather near the electric 
needle, the ebonite plate is repelled and the glass 
one attracted ; consequently, amalgamated leather is 
negatwely electric (—E). Cat-skin, on the other 
hand, repels the glass plate and attracts the ebonite 
one, and is therefore posztiwvely electric (+H). Now 
I draw the amalgamated leather over some steatite. 
This becomes negatively and the amalgamated leather 
positively electrified, while when rubbed with glass 
this last shows —E. Hence we draw the following 
conclusions : 

(1) The body rubbed and the rubber have opposite 
kinds of electricity. 

(2) A body B, if rubbed with a body A, becomes 
negatiwely electrified, but may, when rubbed with a 
body C, become positively electrified. 

For example, ebonite rubbed with fur, wool, etc., 
becomes negatwely electrified, while if rubbed with 
amalgamated leather it becomes positively electrified. 
Even the nature of the surface exercises in some 
circumstances a certain influence. Rough surfaces 
are more likely to become negatively electrified than 
smooth ones. Polished glass rubbed with flannel 
acquires + H, dull glass -E; smooth polished ebonite 
surfaces when rubbed with certain kinds of leather 
or with albumenized paper show +H, while rough 
surfaces show — EH. 

If we rub a number of bodies together, and then so 
arrange them that at the one end of the series is 
placed that which, when rubbed with any of those 
which come after, always shows +E, while the series 
ends with that which, when rubbed with any 
of the foregoing, only shows —E, then we can go 
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insert the remaining bodies that each one, when 
rubbed with the one immediately preceding it, yields 
negative, and with that following it positive electricity. 
In this manner we get the so-called electrostatic 
tension * series.” 


ELECTROMOTIVE SERIES. 
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As a rule, two bodies when rubbed together become 
the more strongly electrified the further they are from 
each other in the series—hence the bodies at the far 
ends receive the strongest charges of all; yet, other 
circumstances being equal, a pliant rubber is more 
effective when the thing rubbed is stiff’ Hence the 
best rubber for glass is amalgamated leather ; and for 
steatite or ebonite, fur. 

We will now examine the effect which the two 
kinds of electricities have upon each other. 

I charge one electroscope (A), by means of the 
electrified glass rod, with +E; the other one (B), by 
means of the electrified ebonite rod, with —E. If l 
bring the glass rod down from above at the same time 
towards the two electroscopes, you see (fig. 7) that 
the leaves of the electroscope charged with similar 


1 In England sometimes called electromotive series.—-Hd. 

2 By mistake our flint-glass rod was once used to stir up a 
solution of alkali. Since then, when rubbed with fur, it becomes 
negatively electrified. Only a small part near the wooden handle 
has kept its original character. Probably the formerly very 
smooth surface has become slightly corroded. 
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(+E) electricity by means of the glass rod divide still 
further; those of the electroscope B charged with 
unlike ( — KE) fall together. In fig. 7 the original 
position of the leaves is indicated by dotted lines. 

The same thing takes place if we use the electrified 
ebonite rod instead of the glass one; only the 
electroscopes exchange parts. 

In this manner we have discovered a convenient Test by 
method of determining the kind of electricity of mae 
any body. We need only to slowly’ bring the body 


to be examined near Claes 26a. 
an electroscope charged ended dec haeslageh cheacslaabes 
with a known kind of 2 
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gradual approach of the 
body to be examined 
causes an enlargement 
of the distance between 
theleaves, then thebody Dy ees 
has the same kind of | ——= ——— 
electricity astheelectro- fre, 7.—Glass rod. Detection of + and 
scope; an d, on the other — electricity by electroscope. 
hand, the opposite kind if the leaves fall together.? 

It may often be desirable to find out what kind 


1 The slow approach of the testing-rod is important, because 
when using a body too strongly electrified the earlier falling 
together of the leaves might not .be remarked, and the further 
divergence of the leaves following on another approach might 
be wrongly interpreted. 

* The divergence of the leaves forms (when carefully carried 
out) a more reliable criterion than their sinking, because the 
mere approach of an uncharged conductor, ¢.g., the hand, may 
cause a slight falling together of the leaves. The cause of this 
will be clear to us later, when we study the phenomena of 
influence. 
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of electricity a charged body contains. In such case 
it is only necessary to bring slowly near it a body 
which contains a charge of known sign. The rule 
remains the same, I charge both electroscopes with 
+E, so that the divergence is the same, and connect 
the two balls with a fine wire, which has an insulated 
handle in the middle.1 You see no effect. The same 
thing happens if both pieces of apparatus are equally 
charged with —E. If two similar electroscopes are 
charged with equal amounts of the same kind of elec- 
tricity, no electricity passes from one body to the other. 
I now charge the electroscope A with + E and the 
other with —E, so that 
the divergence of the 
leaves is exactly the same 
in each. 
As both pieces of ap- 
ais after _ paratus are constructed 
Fia. 8.—Conductive connection. in exa ctly the same w ay, 
we must take it that both electroscopes hold equal 
quantities of electricity. | again take the insulated 
wire (d, fig. 8) and touch with it the balls of 
each, by which means communication is established 
between the two bodies charged with opposite elec- 
tricities. You see that in both electroscopes the 
leaves have fallen entirely together, ze, the instru- 
ments have been discharged. We learn, therefore, 
that like quantities of positive and negative elec- 
tricities neutralize each other; or, shortly, that 
pes =0. 
1 A simpler plan is to use a wire with a thick rubber coating, 


only the ends being left bare.— Ed. 
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Distribution of electricity on an insulated conductor. How the full 
charge of a proof-ball can be transferred to the electroscope. 
Graduation of the electroscope. Analogy between the electroscope 
and the thermoscope. Aluminium electrometer. Graduation scale. 
Experiments with conical conductor. Variations of electric density 
on unequal surfaces. Constancy of the degree of electrification 
of an insulated conductor. Distribution of electric density on an 
insulated conductor in relation to the surface curvature. Action of 
points. Discharging power of a flame. 


Tue first day’s journey has come to an end. A 
traveller, who wishes to fix in his mind the road 
which he has traversed, will do well, from time to time, 
to cast a glance behind him so as to note the windings 
of his path, and to impress upon his memory any 
particularly characteristic spots. Thus, as we wander 
through the still greatly unexplored domain of 
electricity, we will cast from time to time a glance 
behind, and pass in review before our mind’s eye the 
most important phenomena observed. 

We have just learned that: Retrospect. 

(1) All bodies when rubbed or touched by ‘‘electric” 
(z.e., electrified) bodies themselves become electric ; 
but those which conduct must first be insulated, so 
that they may retain the electricity that they have 
received. The nature of the rubber has a very 
important bearing upon the strength of the electricity 
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produced by rubbing. The further apart rubber and ~ 


rubbed are in the electrostatic tension series, the 
greater as a rule is this strength. 

(2) Ifan electric conductor is connected to the earth, 
which is itself a conductor—as, for instance, by being 
touched by the hands—it will be discharged, 7.e., it 
will be made unelectric. If, on the other hand, the 
connecting wire be insulated, a part of the electric 
charge passes from the electrified body along the non- 
electric conductor, which itself becomes electric or 
charged by communication ; if two bodies are charged 
with equal amounts of electricity, no electricity passes 
from one body to the other when they are brought 
into contact. 

(3) There are only two distinct electrical states, and 
these are opposed to each other; for when a body is 
charged with equal quantities of +H and —K, they 
neutralize each other. The rubber and the thing 
rubbed have always opposite kinds of electricity. 
By friction, polished English flint-glass acquires 
positwe electricity, and resin (or, better, soapstone) 
negatvve electricity. When an electrified body is slowly 
brought near a charged electroscope, and a further 
divergence of the leaves is caused, the body possesses 
the same kind of electricity as the electroscope; but 
the opposite kind, if the leaves fall together. Like 
kinds of electricity are repelled—unlike are attracted. 

We will now ask ourselves the question, Where is 
the position or seat of electricity in an electrified 
body? Since, as we know, insulators do not conduct 
electricity, it is probable that the electricity will in 
their case remain where it was produced by friction 
or communicated by contact, z.e., at the spot touched. 
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If this supposition is right, the discharge of an 
electrified insulator can only happen when this spot 
is touched by the hand. We can soon convince 
ourselves of this by an experiment. 

I charge an electroscope with an electrified flint- 
glass rod. At the approach of the rod the leaves 
diverge further, and indicate thereby that the rod is 
electrified. Then I cover the electrified surface of the 
rod with my hand, and you will see the part not in the 
immediate neighbourhood shows itself as still strongly 
electrified. Now I try, by grasping it in successive 
places, to discharge it, but I cannot quite succeed in 
doing so. To discharge it completely I must pass it 
through the flame of a spirit lamp,’ or wave it back- 
wards and forwards above it. This discharging 
power of the flame we will examine more carefully 
‘later on. 

Where, then, is the seat of the electricity in, of 
course, an insulated conductor ? 

Here we see (A, fig. 9) a piece of fine-meshed 
pliant wire gauze, which is insulated by means of the 
ebonite stand (7). On both sides of this gauze mov- 
able strips of paper are fastened, those on one side 
being red, and on the other green. By means of the 
insulating handles (g, and g,) I can bend the gauze 
as I like. Now I charge the gauze with the flint- 
glass rod by laying it on the upper edge of the net, 

1 Every flame free from soot will serve to discharge an insulator 
(cf. end of this chapter). As soot conducts electricity, a deposit 
of the same on bodies to be used as insulators must be carefully 
avoided; and the more so, because only the most thorough 
washing can remove it from surfaces that are at all rough. 


This washing should always be done when an insulator is to 
be entirely discharged. Cf. note 1, p. 83. 
2) 
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and then draw it along so that as much of the 
surface of the rod as possible may come into contact 
with this edge. You see how all thg strips of paper 
are raised up, and, now that the gauze is straight, 
show equal divergence on both sides of it (B, fig. 9). 
Now I ask you to fix your attention on the 
little red strips on your side of it. I grasp both 
insulated handles (g, and g.) and bend the net— 
turning the hollow side towards you—gradually into 
the form of a hollow cylinder. You notice how the 


Fic. 9.—Vanderfliet’s insulated wire gauze, with movable strips of paper, 
slightly modified, 4; natural size. 


little red leaves inside the hollow thus formed 
gradually sink, and—even before both edges of the 
gauze touch each other—fall entirely down (A, fig. 
10), while the little green: leaves outside show a 
considerably greater divergence than before. Now I 
bend the cylinder slowly back again: the red leaves 
gradually again raise themselves, while the green 
ones sink. When the gauze regains its flat condition 
the divergence of the red and green leaves is again 
the same (B, fig. 9). I bend the gauze more, so that 


the red leaves are on the convex side. You notice 
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that they raise themselves still higher, while the 
ereen ones sink finally against the gauze. We gather 
from this, that when the gauze is held quite straight 
the electric charge is equally distributed on both sides 
of it; but as soon as it is bent the charge flows from 
the concave side to the convex or outer surface. ; 

Thus, the seat of the electric charge of an insulated 
conductor is its outer surface, and in the inside of an 


/ eee 
Frc. 10.—Demonstration of distribution of electricity. 


almost closed hollow conductor there 1s evidentiy no 
electricity. This is a most important law. 
When each side of the gauze is partly concave 
and partly convex, the electric charge must appear 
on both sides of it, but only on the convex parts. 
I give the net this form—and you see that this is 
actually the case (B, fig. 10). The middle of the 
gauze, where one curve merges into the other, forms 
the boundary of the electrification. This boundary 
is called the point of flexion. 
Let us suppose that the electric charge of a body Lenz’s ex- 
consists of very minute particles of electricity—this pian 
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must be taken as a mere figure—then we have a simple 
explanation of the phenomena observed on the basis of 
the repulsive force of like electric particles. This is 
not very scientific, but for the moment it will suffice. 

Let us next suppose that all electric particles on 
the inner side of a solid ball are equally distributed, 
and let us fix our eyes on any one particular particle 
e (fig. 11), whose distance from the surface = a. 
What will happen then? Presumably the particle e 
will be repelled by all the 
neighbouring particles of 
the same kind of elec- 
tricity. Inside the circle 
described with a radius of 
3 @ are always found two 
particles at the same dis- 
tance from the centre but 
opposite—e.g., p and gq, 
or « and y, etc.; that is 
to say, the force of all 
electric particles lying 
about e in the circle must, with regard to e, cease 
entirely. There now remains the repulsive force of 
all particles which lie outside the circle.2 

How easily, as it appears, will all particles lying in 
the line B exercise upon e a repulsive force in the 
direction BP! 

Every two symmetrically placed rows, as I* and 1% 


FIG. ii, 


* On the electronic hypothesis, this is no mere figure, but 
strictly true,—Ed. 

’ Strictly speaking, we must consider both circles to be 
spheres. The drawing, fig. 11, therefore represents a cross 
section, The ratios between the electric particles, obtained for 
both circles, also apply to these spheres, 
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or [{* and II, will, by their combined action, accord- 
ing to the law of the parallelogram of forces, yield a 
resultant force which will exert a repulsive force on e 
in the direction BP also. Therefore the particle of 
electricity under pressure of all repulsive forces has to 
move as far as it can go, 2.e., to the surface of the con- 
ductor B. Since what has been said applies equally 
to every other particle of electricity, it follows that 
all particles of electricity must make their way from 
the inside to the surface of the conductor (Lenz). 

From the laws we have found governing the 
distribution of electricity in an insulated conductor, 
some important results follow, thus : 

(1) A hollow metal ball can, when brought into con- 
tact with a known amount of electricity, absorb just as 
much electricity as a solid ball of the same dimensions. 

(2) An electrified conductor, introduced into the 
interior of a hollow metal body, must, when it comes 
into contact with the inner surface, yield up its 
entire charge to the enclosing metal. 

Thanks to the first of these results we can use for the 
accumulation of electricity a hollow conductor—which 
will thus be as light in weight as possible—without 
diminishing the force of the charge. The second 
result we shall shortly turn to a very particular 
account, but I will first show you what influence the 
enlargement of the surface of an electrified conductor 
has upon electric density. 

A metal tube (m) provided with two movable 
strips of paper is inserted into an ebonite tube 
(R, fig. 12); this is connected with an indiarubber 
bellows like that of a spraying-bottle. If I now 


plunge the expanded mouth of the metal tube into a 
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solution of soap and electrify it so strongly, after 
removing it, that the leaves 
stand out almost horizontally, 
then, when I blow air through 
the tube, a soap-bubble will 
form, and you can see that 
the greater the soap-bubble, 
the less is the divergence of 
the leaves. If I carefully 
MN, place a rubber tube on the 
\\® ecbonite one (R), I can, by ex- 
haustion, reduce the size of 
the soap-bubble. You see how 


Fia. 12. 


. the leaves again raise themselves, at first slowly, then 


Dependence 
of electric 
density on 


more and more quickly. 
As the same quantity of electricity must. be dis- 
tributed, as the bubble grows, over a greater surface, 


conducting there comes on any particular portion of the surface 


surface. 


(as, for example, 1 sq. cm.) less electricity than 
before ; the electricity must have become less dense, 
From this it follows: the charge remaining the same, 
the electric density of a body decreases in the same 
ratio as the surface increases.” ! 

And now comes the interesting question: How is 
the electricity distributed on an insulated conductor 
which is not spherical, but which shows different 
contours in different places? Before we can answer 
this question, we must look about for some suitable 
measuring instrument. 


1 This experiment is also an argument for the discontinuous 
nature of electricity, in the same way that the expansion and con- 
traction of a metal under alternate changes of temperature go 
to prove the discontinuous nature of matter.— Hd. 


MEASUREMENT OF CHARGE 


In the fact that electricity always displays an 
affinity for the outward surface of a conductor, 
we have a first-rate means of transmitting the entire 
charge of a small conductor to an electroscope—as, for 
instance, that of a small metal ball fastened to a 
rather long ebonite rod, by bringing this ‘“ proof- 
ball,” as it is called,’ into contact with the inside of a 
hollow metal sphere, screwed on to an electroscope. 

Next, if we are able to discover a source of electricity Analogy of 

of the greatest strength possible, we shall be in aoe 
position to observe the angle of divergence caused by *°Fe- 
one, two, or three equal charges of the proof-ball; and 
if the electroscope is provided with a scale, we can read 
this off, or, which is more convenient, we can make - 
a new scale, marking the positions of the leaves at 
the first, second, and third charges. In this way, by 
means of the particular position of the leaves at any 
moment, we can estimate, in units of electricity—for 
the present quite arbitrary ones—the degree of charge 
or electrification in units of electricity. Hence the 
electroscope will be to us for the measurement of 
electricity, what, before the discovery of the fixed 
point of temperature (freezing and boiling points of 
water), the thermoscope was to physicists for the 
measurement of heat before the time of Réaumur and 
Fahrenheit. 

Just as this thermoscope, graduated in inches or 
millimetres, will serve us well for the comparison of 
differences of temperature, so this calibrated electro- 


' In most English text-books, the use of a “ proof-plane,” or 
metal disk fastened to an insulating handle, is recommended. A 
great part of the charge escapes from the sharp edge of the disk, 
_ and the sphere is therefore HO Sela eee 
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scope will put us in a position to compare the differences 
of degree of electrification with each other, For the 
present we do not require more. 

As the paper electroscope is not delicate enough to 
indicate small degrees of electrification, we will use 
the aluminium electrometer (fig. 13), constructed in 
the main in the same way, except that, instead of the 
two little paper leaves, a single small leaf of aluminium 
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Fic. 13.—Aluminium electrometer with graduated scale, 4 natural size. 


foil is employed, by which means the sensibility of 
the apparatus is increased by fifty per cent. In the 
plane of oscillation a graduated scale engraved on 
mica is fitted. The case is of tin-plate with one side 
of silvered glass, the ends being further covered inside 
with wire netting.’ 

1 This description is not very clear. All four sides of the tin- 


plate frame are fitted with slides of clear glass, the two smaller 
panes being covered with wire gauze in addition. The pane behind 
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From a distance you will scarcely be able to see 
distinctly the fine aluminium leaf, so we will darken 
the room," and by means of a powerful lamp and pro- 
jection lens throw upon a white screen a much 
enlarged picture of the little leaf and the scale. 
From your places you can see the position of the 
little leaf. Fig. 16, p. 82, shows you the arrange- 
ment of the experiment in the most simple form (cf. 
Appendix, 6). On the screen the graduated scale is 
shown. 

Since the projection lamp and the gleam of the 
illuminated screen lights up the room sufficiently to 
see all objects distinctly, you will be able to follow 
easily all my manipulations in the following experi- 
ments. 

As our source of electricity we will take this 
conductor (fig. 14), which is insulated by its ebonite 
stand. The conductor consists of a tin cylinder (ec) 
to which a tin cone (ac) has been soldered. A 
hollow cone is inserted into the other end. The 
entire surface of the conductor is silvered and 
polished. 

Now I charge the conductor by means of a flint- 
glass rod. Listen carefully, please. If I try to puta 
stronger charge into the conductor, you hear at the 


the leaves is so arranged that a mirror can be substituted for it. 
Instead of the ordinary knob, a hollow nickel-plated ball not less 
than 5 cm. in diameter, with an opening at the top, is screwed on 
the top of the conducting rod.— ad. 

1 With a strong light, such as that of an electric incandescent 
lamp of from 25-50 candle-power, half of which is silvered over, 
it is only necessary to darken the window nearest the experiment 
table, and so to place the screen that the light from other windows 
will not strike directly upon it. 
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end (a) a soft hissing. Evidently the surplus elec- 
tricity flows out from the tip. 

Now, with the nickel-plated and polished proof-ball 
fastened to a long ebonite rod, [ touch the middle of 
the outside of the cylinder (d, fig. 14) and lower the 
proof-ball into the hollow ball of the electrometer, 
until it touches the inner surface. You see the leaf 
marks a divergence of 23°3°. I discharge the electro- 
meter and repeat the experiment, putting the proof- 
ball always upon the same spot of the conductor; we 
get divergences of 23°5°, 23°4°, 23°2°, 23°3°, 23°4°: 
2.€., the divergences of the 
electrometer are almost the 
. same. Hence we may 
~ gather that our conductor 
—which we charge from 
time to time until it hisses 
—furnishes a constant 
source of electricity, which 
ne we can for the present use 
Frc. 14.—Conical conductor, as a gauge for the electro- 

qty natural size. 
meter. 
If we mark in blue pencil on the white screen the 
turning point of the little leaf and its position at the 
first, second, third, etc., charge by the proof-ball, 
there arises before our eyes a graduated scale. If we 
now note the position of the leaf according to the 
graduated scale, later on we may at our leisure engrave 
the scale of degrees on a piece of mica,’ and place 


1 A sheet of mica does not break so easily as glass, and can 
easily be cut with a pair of scissors. Before painting the scale 
it is recommended to cover the completed piece of mica with 
collodion. The scale itself is first drawn on white cardboard and 
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it in the electrometer case in lieu of the graduated 
scale hitherto used. Of course, we must write the 
proper numbers the reverse way, so that they may 
appear right on the white screen. 

In this way, then, the removable projection scale 


a 


et 
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Fig, 15.—Aluminium electrometer with graduated scale for projection, 
4 natural size, 


of the electrometer has originated which I show 
in fig. 15. If a more constant supply of electricity 
and a more exact, that is a larger, graduation is sub- 
stituted for this, it will make no practical difference. 


then pricked through (marks and figs. 0, 3, 6, 9, should be in red, 
others in blue or black). Transparent colours are the best, such 
as carmine and indigo. 
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This electrometer (fig. 15) has a few advantages 
over the first one (fig. 13). In the ebonite stopper 
(P) an amber tube (B) is inserted, through which the 
conducting rod (6) is pushed. 

By this improvement, discovered by Professor 
Weinhold of Chemnitz, the insulating power of the 
instrument is made greater and more 2 


sty 


iy 


Fic. 16. ST proteetion of the electrometer scale ; apparatus '5 natural 
size, scale =. 

In order that you may all clearly see the divergence 
of the leaves, I will place the electrometer on the 
projection table (fig. 16), and on the white screen you 
will see the scale and the shadow of the leaves much 
enlarged. We shall always use this projected scale 
when working with the electrometer. ‘The framework 
of the case of the electrometer will also be connected 


to earth, by taking a wire from the binding screw 
32 
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to the water-pipes. In fig. 16 this is indicated by 
the arrow (cf. fig. 32), 

The escape of electricity (see p. 30) from the end of 
the conductor, observed by us when the charge is too 
powerful, brings before us the question :—How does the 
electricity distribute itself on the surface of an insulated 
conductor—.¢., is it distributed uniformly or not ? 

We will arrange for ourselves a very simple experi- 
mental electroscope. In the hole drilled into the 


side of the small proof- 

ball we will fix a strong A h A. 
German-silver wire, sup- A aN 
porting at its middle 4 iy 
two wire loops, to which a 
two strips of paper 
are lightly attached (A, * 
fig. 17). IfI place the 
proof-ball provided with 
this little electroscope on the freshly charged con- 
ductor, the leaves separate. 

If I now move the electroscope to and fro over the 
entire outside surface of the conductor, you see the 
divergence of the leaves varies from time to time. 

We perceive at once that the divergence of the 
leaves is greatest at the point a, and next strongest 
at the circular corner (e), at the extremity of the 
cylinder ; it begins to grow weaker at the still circular 
but more obtuse angle c, and it is weakest in the 
middle of the cover of the cylinder (d). 


Fie. 17. 


* The experiment will be more successful if the auxiliary 
electroscope is placed on the indicated point of the conductor 
and then moved a little distance from it. Still, the next experi- 
ment (p. 35) is really the only decisive one. 
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Suppose we imagine we cut sections of the hollow 
conductor (fig. 17) perpendicular to the long axis— 
e.g., through the points a bc de f- We thus get 
transverse sections, which increase constantly from 
a to the angle c, but remain-the same size from ¢ 
to e. The greater is the circle, the less pronounced 
is the curvature of the circumference; therefore, the 
curvature of the sectional circles becomes less from 
a to c and remains unchanged from ¢ to e. On the 
other hand, the curvature of the surface of the con- 
ductor in the direction perpendicular to the plane of 
section (therefore in the plane of the paper, fig. 16) 
at the points c, d, and e is different, for the edge c 
forms an obtuse angle, aud the corner e an acute 
angle; while at dit becomes a very obtuse angle— 
that is, a straight line. Keeping in view that in 
determining the curvature of a surface we must take 
into consideration the curvatures at the various turns, 
we come to the conclusion that the total curvature is 
greatest at the point a, next greatest at the edge e, 
then at c, b, and least at d in the middle of the 
cylinder. 

This gives one the impression that the electricity. 
accumulates in greater force, or, so to speak, is in- 
tensified at the more curved outer surfaces. If we 
call this apparently denser distribution of electricity 
electric density (cf p. 26), then we may state that : 

The electric density varies on all parts of the 
surface of a charged insulated conductor with the 
curvature, or generally the greater the curvature the 
greater the density. 

1 Strictly, this only applies to insulated balls connected by long 
thin wires (cf. fig. 21). Me 


EQUAL DENSITIES 


This appears, not immediately, but yet more plainly, 
when by means of a proof-ball we transmit a charge 
from the given points a b cd e fg to the electrometer 
(see p. 30). We get: 


At the Points on the Surface. eed) Bh Mdeloe We 


(a) When the pee in electric 
of the conductor unite’: OO} 1 i-4. 108 3°21-0-5 
is the strongest | 
possible Ratio . . |75/1:4 |1:75|10 4:0/ 0:63 


(6) When the charge) in electric ; | 
ofthe conductor | units 2°3|0°45|0°52/0°3 1:210:2 
is weak Ratio. . |7'6/1°5 |1°73!11:0 4:010°66 


We see in this case, also, that on the outside surface 
the electric density is greatest at the point a, next at 
the circular-shaped edge e, and so on, and least at 
the middle of the surface of the cylinder (d). On 
the inner surface of the hollow cone, the electric 
density, beginning at the edge, diminishes very 
rapidly, and at the deepest point (g) it is zero. The 
second series of experiments with the weaker charge 
indicates that the relation of the electric densities at 
the points concerned remains constant, and therefore 
does not depend upon the strength of the charge. 

The numerical values we have found for the electric 
densities have put us in a position to draw a graphic 


* In this case I plunge the electrified proof-ball carefully 
into the hollow ball of the electrometer, without touching it, and 
then touch the conical conductor with the proof-ball (without dis- 
charging it) on the other particular spots. The admissibility of 
this proceeding follows from the experiment (A, fig. 20) already 


described. 
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representation of the variation of the electric density 
on the conductor and—for comparison—upon an 
insulated hollow ball. On the sectional drawing of 
the conductor (A, fig. 18) and the ball (B) we draw 
lines to the respective pomts (a b... g) im the 
direction of the electric repulsion. 

These lines are proportional to the measured 
densities of the electricity at these points. If we 
now connect the end points of these lines, we obtain 
from the conductor the curved line resembling it— 
abcdefg (A, fig. 18). 

Let us imagine this curve to rotate round the axis 


Fic. 18.—Graphic representation of the electric density. — 


(a... g) of the conductor: it describes a surface 
of revolution which is called the level [equipotential | 
surface of electrical density. 

In the case of the ball (B, fig. 18), the electric 
density is equal over the whole surface, and the 
level surface of the electric density is also a spherical 
surface. 


I now connect the conducting wire of a paper 
electroscope, to which I have screwed* a small ball, 


1 It must be expressly stated here that all electrical apparatus 
employed in these experiments must be fitted with screws of the 
same thread, so that all balls, plates, etc., may be interchangeable 
at will. By this means the experiments will be much simplified, 
and the number of pieces of subsidiary apparatus much lessened. 


ELECTROSCOPIC STATE 


by a very fine bare copper wire with the insulated 
proof-ball.* 

If | now charge the conductor and touch it at some 
spot with the proof-ball, the electroscope indicates a 
certain divergence, which does not change if I draw 
the proof-ball over the whole length of the surface of 
the conductor, or when I touch the point of the 
conductor or the inmost 


point of the hollow cone Gre at 


(fig. Eo). ss | — 


Similarly, we may con- 
nect the electroscope with 
the bent electrified gauze 
(fig. 10, p. 23)—still the 
divergence of the electroscope remains the same, 
whether the wire touches the concave or the convex 
side of the gauze. 
To our astonishment, therefore, we observe that Constancy of 
the effect which an electrified conductor exercises maha 
upon an electroscope set up at some distance and pie 
joined to it by a fine wire, remains the same, whether ductor. 
the connecting wire is brought into contact with any 
point either of the conductor's outer surface or its 
inner wall. This peculiar condition of an electric 
conductor which we notice in an electroscope con- 
nected to a conducting wire we call the electro- 


scopic state of a body. The different degrees of 


Fig. 19. 


1 It is advisable to fasten the wire by a knot in the middle 
of the rod, so that it may stretch tightly from the ball to the 
rod, In this way contact between the wire and the conductor 
will be avoided. (In the figure this cannot be well shown.) 
Still more instructive is the employment of the paper electro- 
meter instead of the electroscope, of course with projection of 
the scale. 
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the electroscopic state may be called “degrees of 
electrification.” We can put it shorter thus: 

The degree of electrification of a conductor has 
upon ws entire surface—both outer and inner— 
the same value. Thus the degree of electrification 
essentially differs from the electrical density, which, 
as we saw, may have very different values at different 
points of the same conductor. 

Later on we shall have to go more thoroughly 
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Fic. 20.—Faraday’s experiment, ;'5 natural size. 


into the degree of electrification of bodies. For the 

present we will only examine the influence of an 

electrified body upon an _ unelectrified conductor 
surrounding it almost completely. 

aey I screw upon the electrometer a cylinder of wire 

; gauze open at the top, having a metal bottom, and 

provided with a female screw (N, fig. 20, A). If 

I now place the electrified larger proof-ball in the 

hollow of the wire-gauze cylinder without touch- 

ing the gauze, the electrometer shows a divergence, 


which remains if I move about the ball in the 
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hollow of the cylinder or if I touch with it the 
inner side of the gauze: that is to say; the electro- 
scopic effect which an electrified body exercises upon 
a conductor surrounding it is constant within the 
entire hollow and just as great as when the mner 
surface is touched (Faraday). We will now make 
use of this law. 

A piece of amalgamated leather is fastened to the 
end of an ebonite rod. I place this, together with 
the electrified flint-glass rod, within the wire-gauze 
cylinder (B, fig. 20). Now I rub the two together 
without touching the gauze. The electrometer shows 
no divergence so long as the rubber and that which is 
rubbed are inside the cylinder, because the two kinds 
of electricity neutralize each other in their effects. 
According to whether I take out the glass rod or the 
rubber, the electroscope indicates —E or +H, and 
the divergence in the two cases is equally great, 
i.e., by friction both —E and + are generated in 
equal quantities. 


After this digression, which has made us acquainted 
with several important electrical laws, we will con- 
clude our investigation of electric density by settling 
one more question : According to what law does the 
electric density increase with the curvature of the 
surface of a conductor ? 

Here we see three ebonite stands, upon which three 
hollow balls of 20, 10, and 5 em. radius respectively 
are fastened, which radii bear the proportions 7, 7%, 
r,=10, 5, 2°5, or 4, 2,1. By means of the two wires 
d, and d, (a little over 1 metre long), I connect the 
three balls (A B C, fig. 21), so that they may be 
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considered a single insulated conductor. Of course, 
if one ball is charged by the flint-glass rod, the degree 
of electrification must be the same in all three balls. 
If now, Deg means of a small proof-ball, I take a charge 

ay from each ball and transmit it 
to the electrometer, by simply 
dipping the proof-ball in its 
©) hollow ball we get numerical 
values whose ratio to each 
other, according to the chosen 
units of electricity on the scale, 
must be quite independent, and which will reflect 
the required ratio of the electric densities. 

We find thus: 


A B C 
Radius of the curvature . +r=10cm. 5cm. 25cm. 
Observed electric density . D=06 1:2 2°5 


Hence the ratio is: 
Electric density D, : D,: Dj=1: 2:4 nearly. 
In A and C the ratio of the radius of the curvature 


is 7, 18 to 7, as 4 is to 1; that of the electric densities 
D, is to D, as 1 is to 4, and therefore inversely. 


Similarly, with B and C, 7, is to r, as 5 is to 2°5, or as 


2 1s to 1; on the other hand, D, is to D, as 2 is to 4, 
or as 1 is to 2. From which it follows: when the 
electric condition of two balls is the same, the electric 
densities are in inverse ratio to the radius of curvature. 
Hence the ratio is: 
Dy Dye Dyes eens 


These fractions ~, =, = are the reciprocal values of 
Oe, Fel FNS 
the respective radii of curvature, and establish a 
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measure of curvature ; hence we may say: in spheres 
of the same degree of electrification, the electric 
densities are proportional to the radii, or: if spheres 
are connected by long thin wires, the electricity 1s 
distributed over the outer surfaces, so that the electric 
densities are proportional to the curvatures of the 
respective spheres. 

Hence it follows that if, at one part of a charged Action of 
conductor, the radius of the curvature is very small, Cae 
and the curvature therefore very great, as, for example, 
at the point of our conical conductor (such as fig. 14), 
the electricity must accumulate there in such density 
that the particles of dust and moisture around must 
be, in the same way as our proof-ball, very strongly 
electrified and repelled. When the charge attains a 
certain strength, the repelling force will be in a position 
to overcome the resistance of the air, and to throw off 
the particles of dust and moisture. These bear away 
with them the neighbouring air particles—others rush 
into their places, and so arises what is known:as the 
electric wind, the hissing current of air which you 
perceive at the point of the conductor. 

Later on, when treating of the electric machine, 
we shall make the acquaintance of many interesting 
phenomena of the action of points; here I must con- 
fine myself to showing you the influence which this 
action of points has upon the charge and discharge of 
bodies. 

I place a paper electroscope before you and wave Charge by 
the flint-glass rod over the ball at a distance of about kee of 
20cm. The leaves flap to and fro, but—after the rod 
is withdrawn—the electroscope remains uncharged. 


Now I fit in the small hole in the side of the ball of 
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the electroscope a strong piece of wire, bent in the 
form of a right angle, which ends in a very fine point. 
This point I cause to turn upwards, and at a distance 
of about 40 cm. I pass the charged rod quickly 
over it (A, fig. 22). The electroscope is charged im- 
mediately: in other words, the point appears to 
absorb the electricity. 

If I place the second paper electroscope near the 
charged one, and turn, with an ebonite rod, the 
point in the direction of the neighbouring electroscope 
(left in B, fig. 22), we 
perceive that after a 
short time the first elec- 
troscope (I) gradually 
loses its charge, while 
the second one re- 
ceives some of it. By 
placing the electrified 
gis, glass rod on the top of 
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we see, therefore, that electricity flows away through 

points ; therefore, in the construction of all electrical 

instruments, points and sharp edges must be care- 

fully avoided, if it is desired to retain the electricity 
as long as possible. 

If I bring a flame—say that of a wax candle—near 

a charged electroscope, it loses its electricity very 

quickly. If I connect by a wire an electroscope with 

a flame, by fastening it to an ebonite rod, and hold 

the free end of it in the flame, any previous charge 

vanishes immediately, and the electroscope cannot be 
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charged, because all the electricity flows away through 
the flame. The glowing carbon and gas particles of 
the flame act like so many fine points, hence the 
absorbing and dispelling power of a flame is ex- 
ceedingly great. Now you will understand why we 
can discharge electrified insulators like ebonite, glass, 
etc., when we pass them backwards and forwards over 
a flame, or draw them quickly through it (see note 
on p. 21). 

With this we end our second journey, and next we 
will try to answer the question: What influence does 
an electrified body exercise upon its neighbourhood? 
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CHAPTER III 


The phenomena of electric influence. Explanation of the process of 
influence. Generation by influence of equal quantities of +E 
and —E. True meaning of the indications of the electrometer. 
Dual and single-fluid hypotheses. Electrons. Arbitrary zero-point 
of the scale of electrification. Action of the electric screen. 
Coulomb’s law of electrical attraction and repulsion. Law of 
influence. What happens when uncharged bodies are attracted by 
charged ones. Influence the only means of charging. 


We have completed two days’ journey, during which 
we have become acquainted with the most important 
electrical phenomena caused by friction and by direct 
contact. Last time we saw: 

(1) The amount of +E and —E generated by 
friction are equal to one another. If an insulated 
conductor is electrified, the electricity is distributed 
entirely on the outer surface of the conductor, and 
in such a manner that the electric density is greater 
the more marked is the total curvature of the par- 
ticular surface. But no free electricity is to be 
found in the interior of a charged conductor, whether 
hollow or solid; or, in other words, the density in 
this case=0. On the other hand, the degree of 
electrification of a charged conductor has the same 
value over the whole surface, both outside and inside, 
as in an enclosed hollow space. 

(2) If a charged insulated conductor is inserted in 


the inside of a conductor and connected with it by 
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means of another conductor, all the electricity passes 
over to the enclosing conductor. Hence we have a 
means of transmitting to it the entire charge of a 
proof-ball and—by repeated introductions of equal 
charges—of graduating the electrometer. 

(3) Since the surface curvature at points is very 
great, the ee age in great density, and 


by this means a ¢ 

discharge of the Tee ae 
body is effected. Re 

The incandescent m4 

particles of a flame te “| 4 

act as very fine 

points, and the 

discharging power Pe ae: 

of the flame is therefore very important, as we can 
use it to discharge insulators. 

The object of our present research will be electrical Influence. 
action at a distance, and to it we shall join experi- 
ments on the law of electrical attraction and repulsion. 

In the last chapter we saw that if we move 
the charged flint-glass rod to and fro over the un- 
charged electroscope, the leaves diverge at every 
approach of the rod and close up again as it moves 
away. ‘The electroscope finally remains uncharged. 
This you have already remarked, but I purposely 
touched only lightly on these phenomena, so as not to 
take away your attention from what was then our main 
object. We will now trace them more accurately. 

I repeat the experiment with the positively electri- 
fied flint-glass rod, but while the rod is near the 
electroscope I touch the conducting rod with my 


hand (II, fig. 23). If I now remove the glass rod 
45 


THE SCIENCE OF ELECTRICITY 


also, the leaves again diverge and the electroscope 
remains charged (IV). If we examine the nature of 
the charge, we find, to our astonishment, that the 
electroscope now contains negative electricity, while 
the glass rod is still +. Let us now check this 
experiment by another with the ebonite rod. You 
see the electroscope now shows + H, while the ebonite 
rod is negative. 

I connect two paper electroscopes (A and B), on 
which I have screwed balls of 10 cm. diameter, 


J 
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Fic. 24.—Influence experiment, 75 natural size. 


by a fine brass wire which has an insulating handle 
in the middle and its ends bent into loops (fig. 24). 
Now I bring near B the electrified flint-glass 
rod or an insulated ball charged with + electricity 
(C). You see how the leaves in both electroscopes 
diverge. 

First of all, I withdraw the connecting wire (d) 
and then the electrified body (C)—the electroscopes 
remain charged, and the experiment shows that the 
nearest electroscope B has the opposite kind of elec- 
tricity to the last-named, namely — electricity, whilst 
the electroscope furthest away (A) has the same kind 


of electricity (+). 
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By taking away the connecting wire (d), I inter- 
cepted the opposite charges of both electroscopes. If 
I now again connect both electroscopes by means of 
the insulated wire, they are discharged, +E and —E 
must before have been generated in exactly equal 
quantities. 

This peculiar electrical action at a distance is called 
electric influence." 

We will therefore call the electrified body causing 
this phenomenon (in our case the charged insulated 
ball C) the influencing body. 

We see also that an electrified body induces both 
kinds of electricity in a conductor standing near, and 
that, too, in equal quantities. 

A second check experiment, with a negative 
charging of the influencing ball, gives the same result, 
the nearer electroscope being charged with electricity 
of the opposite kind to the further one which has 
electricity of the same kind as the influencing body. 

Whence now comes the influence electricity of the 
electroscope B hitherto uncharged? It cannot have 
come from outside, while the influencing electrified 
body can have imparted to it only the same kind of 
electricity that it has itself, and here both kinds of 
electricity appear. Therefore the influence electricity 
must have been derived from the uncharged con- 
ductor itself, having, however, been induced by the 
influencing body and, so to speak, called forth by it. 


1 Of late years many physicists make use of the name induction, 
instead of influence. But since this word, as we shall see later on 
(p. 333), signifies a related phenomenon in dynamic electricity, 
it is altogether more suitable in treating of static or frictional 
electricity to keep the name influence as a distinction. 
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Nothing else remains to us than to take for granted 


electric influ- that in the uncharged body both kinds of electricity 


ence. 


were present in equal quantities, and—since no point 
of it shows free electricity—this electric equilibrium 
must be present at every point and in every molecule 
of the uncharged body. With this postulate we can 
imagine the process of electric influence to be as 
follows : 

(1) The uncharged conductor (L, fig. 25) manifests 
in every point and in every molecule both +E and 
—E, which neutralize 
each other in their ex- 
ternal effects (cf. p. 18). 

(2) By the approach 
of the influencing, here 
the positively electri- 
fied, body J, the electric 
equilibrium in the con- 
ductor is disturbed, the 
electricity of the same 
sion (+E) being re- 
pelled and driven to the end of the conductor furthest 
from J, while the opposite kind of electricity (—) 
is attracted and betakes itself to the end turned 
towards the influencing body (II, fig. 25). | 

(3) When touched with the hand the repelled 
electricity of the same sign as the influencing body 
flows to earth, while the opposite kind, by the 
attraction of J, is held back and, so to speak, bound 
(III, fig. 25). 

(4) If we now remove the earth-communicating 
finger and at the same time the influencing body J, 
then the opposite parent: which has been bound up 

8 


Fig, 25. 


ELECTRIC INFLUENCE 


in it (—H) must distribute itself over the entire 
conductor (IV, fig. 25). 

The attracted influence electricity of opposing 
sign 1s also called “influence electricity of the first 
kind,” and the repelled electricity of like sign, 
“influence electricity of the second kind” (Reiss, 
1858). 

The to-and-fro movement of the leaf of the electro- 
scope when an electric body passes over it, is explained 
by what has been said. 

If we replace, in our first experiment (fig. 22), the 
paper electroscope by the much more sensitive electro- 
meter, the phenomenon is the same. At the same 
time we may remark: that if the distance of the 
influencing body from the electrometer ball remains 
unchanged, the first divergence, which is due to the 
repelled electricity of like sign, is just as great as the 
subsequent springing forth of the opposite electricity 
after the removal of the influencing body. In this 
case I of course first moved my finger and then the 
influencing body. On the one hand, also, this is a 
confirmation of the law found by us, viz., that by 
influence both electricities are generated in equal 
quantities; and, on the other, it gives us a ready 
means of accurately charging the electrometer, or 
any sensitive electroscope, to any readable degree 
on the scale, without damaging the delicate leaf of 
aluminium. In future we will always make use of 
this manner of charging, but we must not forget 
that an electroscope charged by influence receives 
the opposite kind of electricity to what it receives 
by contact. | 


We will now perform an experiment which will 
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increase our knowledge of the nature of electroscopic 
phenomena, and at the same time teach us to take 
certain precautionary measures. 

I place the electrometer—which, as you see, has 
a metal case—upon an insulating block of paraffin 
and connect the outer case by a wire to an electro- 
scope. Now I charge the electrometer with +E and 
electrify the metal case also with +E. The di- 
vergence of the electrometer decreases in the same 
measure as that of the case increases—it becomes = 0 
and increases again; but the test with the ebonite, or 
the glass rod, indicates a negative electrification of the 
electrometer. If I touch the case so as to connect it to 
earth, the leaf of the electrometer falls again and in- 
dicates that the original charge was +H. I repeat the 
experiment by charging the case with the opposite 
kind of electricity, and now the charge of the electro- 
meter increases continually. What does the electro- 
meter tell us? Seemingly only the difference between 
the degree of electrification of the leaf and of its 
surroundings, 2.e., the case. In order that the electro- 
meter may show a divergence corresponding to its real 
charge, the case must also be discharged, and this 1s 
done by establishing communication with earth, or, 
better and more permanently, by taking a wire from 
it to the water-pipes, which are themselves connected 
with the earth. This wire which you see running 
along the wall is called shortly the earth wire, and 
will be often used by us. 

Now we will explain the similar question: Can 
only a fixed quantity of influence electricity be 
developed in a conductor, or is the supply of 


electricity in a conductor unlimited 2 
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For this purpose I charge the electrometer (A, fig. 
26), to which | have screwed in a horizontal position 
a little metal rod ending in a second ball, so that it 
has a charge of exactly seven units, and then bring 
if near a very sensitive aluminium electroscope (B) 
provided with a graduated scale. 

You notice how the divergence of the electrometer 
diminishes, whilst the electroscope (B) originally un- 
charged evinces a certain amount of charge. If 
I touch the ball of the electroscope with my finger, 
the charge of the same sign departs. After re- 
moving the finger and 
taking away the elec- 
troscope, it of course 
shows electricity of the 
opposite sign, but the 
electrometer again in- 
dicates exactly seven 
units. I e¢an repeat Fic. 26.—Influence experiment, 

: 7 natural size. 
the experiment as often 
as I like, and so bit by bit generate an unlimited 
quantity of influence electricity (+E) in the electro- 
scope (B), without the influencing body losing one 
atom of its charge. From this we draw the follow- 
ing conclusion : 

An unelectrified conductor (in this case the electro- 
scope) appears either to keep stored up an unlimited 
quantity of both kinds of electricity, or to be in a 
position at any moment to make up for the loss of 
pte Th. 

How shall we account for this 2 

Since the certainty of the existence of two electric Hypotheses, 


states became evident to us, we have spoken of 
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“two electricities,” without having any ordered idea 
of the nature of electricity. We can therefore 
examine the various phenomena with impartial eyes. 
Now that we have become acquainted with the most 
important principles, we will endeavour to form for 
ourselves an idea of this puzzling force, 2.e., we will 
state an hypothesis, which will explain connectedly 
all the phenomena observed, without—and this is 
very important—contradicting any fact which has 
been noted. 

The ditticulties which beset us in this matter are 
greater than in any other branch of physics, because 
we have no special sensory organ for the perception 
of electricity. The ear perceives noise, the eye 
sees the light, and the sense of temperature of the 
nerves makes us feel when it is warm. But no one 
organ in nature tells us of the presence of electricity. 
We see and hear the snapping of the electric spark, 
and when we approach a knuckle to a strongly 
electrified glass rod, we feel a peculiar pricking 
sensation. But all these phenomena might be 
separately produced by other causes. Only from the 
continuous, unexceptional combination of all these 
phenomena do we acknowledge the presence of a 
common cause, which we name electricity. At this 
conclusion we only arrive after many observations 
and specially contrived experiments. Indeed, two 
thousand years were allowed to pass before electrical 
phenomena were studied experimentally. 

Only 149 years have elapsed since Symmer, in 
1759, attempted to explain the then known phenomena 
by the adoption of the two-fluid or gaseous fluids 
theory. According to this hypothesis, sometimes called 
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the dualistic, every body contains two imponderable 
fluids, which mutually attract and hold each other, 
while the atoms of each fluid exercise a mutually 
repellent force. The expressions we have hitherto used 
are consistent with this. How does this hy pothesis 
stand examination? The elementary phenomena can 
be explained by its means, but—what comes from 
those two combined electric fluids? Whence come the 
unlimited quantities of both electric fluids which are 
generated either by friction or by influence experi- 
ments? By frictional movement or the approach of 
an influencing body nothing material can be generated, 
since movement is only a change of state in the body. 
We must then drop the dualistic theory. When we 
hereafter speak of two electricities and of the flow 
and stream of electricity, we shall do it only in a 
figurative sense. 

Already, some time before Symmer, ‘Kpinus and 
Franklin (1750) had formulated the single-fluid Single-fuid 
hypothesis, which only recognised one electric fluid, “°°? 
u.€., positive electricity. The dualistic theory held 
sway until very recent times, and it has still many 
adherents, as its simplicity is attractive; yet the 
single-fluid hypothesis has been made the foundation 
of the modern theories. 

According to the single-tluid hypothesis, a body 
is unelectrified if it contains the same amount of 
electricity as its surroundings (see p. 50); if it has 
more electricity than they, it is positively (+E), and 
if less, it is negatively electrified (—E). Positive 
electricity is therefore a superfluity, negative elec- 

* In our first experiment (p. 1) we proved that the electrified 
body neither received nor lost a appreciable weight. 
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tricity a want, of electricity in comparison with the 
surroundings. 

You can best represent for yourself the degrees of 
electrification in the way you usually regard tempera- 
ture on the thermometer. Some arbitrary degree 
of heat, that of melting ice, is chosen and marked 
as zero. The degrees below zero are marked negative 
and called degrees of cold, although we know that 
cold is merely a lesser degree of heat. Soin electricity 
we choose an arbitrary zero point—the degree of 
electrification of the earth—and say : a body contains 
positive electricity if, when joined to earth, it parts 
with its electricity to it; and, on the other hand, it 
contains negative electricity if the converse action 
takes place. 

The fact that by friction or by influence we can 
generate unlimited quantities of electricity—if we 
accept the theory of a single electric fluid—forces us 
also to grant the existence in all space of a certain 
imponderable substance which immediately makes 
good in an unelectrified body the loss of +E. This 
can be nothing less than the all-pervading, penetrating 
ether (the light-ether or world-ether). Just as in 
a large surface of water, elevations and valleys are 
formed by the waves in endless numbers, when the 
driving force, 1.€., that of the wind, stops them, with- 
out the actual quantity of water being increased or 
lessened, so we can imagine a local thickening and 
in other places a corresponding thinning of the ether, 
which conditions the state of electrification im the 
bodies concerned, or else we must accept a particular 
kind of wave movement in the ether which is in 
consequence a carrier of heats When electri- 
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fication takes place, there is thus a transfer of ether 
movement, which we call electricity, from one place 
or body to the other. If the body A is rubbed with 
the body B, and so the first thus becomes positively, 
and the second negatively electrified, to a certain 
extent an electric hill has formed in A and in B an 
electric valley, and yet the sum total of electricity 
which A and B together have still remains the same. 
This is also the case in a body in which both 
electricities are separated by influence—z.e., at one 
end a superfluity, at the other a scarcity, of elec- 
tricity is generated. Since, by the union of +E 
and —KH, hill and valley again come together and 
the original level is once more established, so may 
the process of electrification be repeated as often as 
desired. 

Very lately—on the basis of facts observed in Theory of 
electrolysis, that is, the decomposition of fluid con- cape 
ductors (which we shall study in Part II.)—a 
theory has been accepted by many that electricity 
consists of the most minute particles. As to the 
nature of these electric atoms or electrons at present 
we know very little; still, the view is held that the 
atoms of the elements are composed of electrons. If 
the negative electrons are withdrawn from the atoms 
of bodies, the less mobile ones which are left behind 
represent the positive electrons, which by union 
with an equal number of negative electrons form 
the neutral or un-electrified atoms. To take away 
from a body negative electrons, is to make it 
positive; to add to a body negative electrons, is 
to electrify it negatively. As only the negative 


electrons are supposed to have free movement, the 
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electron theory seems to approach the single-fluid 
theory. The negative electrons should be in point 
of size to bacilli what bacilli are to the terrestrial 
globe. 

According to the Kant-Laplace theory, the primal 
nebula consisted of similar primary homogeneous 
atoms, which in the course of millions of years 
agglomerated by attraction into particles which we 
now call indestructible, because they are atoms which 
cannot be divided. The electrons may be primary 
atoms such as these (Borgmann). According to 
another acceptation, we need not think that elec- 
tricity is itself something material, but that the 
electrons (with regard to their electric charges) may 
very well consist of local changes in the ether. ‘The 
chief difference of the new theory from the old 
consists in the fact that the atomic view is extended 
to electricity. I cannot go further into this matter, 
and refer you to W. Kaufmann, “The Development 
of the Electronic Hypothesis” (Naturwiss. Rund- 
schau, xvi., 1901),’ ete. 

The nature of electricity is therefore still unknown 
tous. The electrical laws observed by us, however, 
still hold good, as they rest on no hypothetical 
supposition, but are merely the expression of the way 
and mode in which electrical forces act upon each 
other. 

1 See also Professor J. J. Thomson’s Electricity and Matter, 
Westminster, 1904, and Mr E. E. Fournier d’Albe’s The Electron 
Theory, London, 1906. Excellent summaries of the hypothesis 
are to be found in Sir Oliver Lodge’s Romanes Lecture, Modern 
Views of Matter, Oxford, 1903, and Hlectrons, London, 1906, and 
Professor Fleming’s “ Electronic Theory of Electricity” in the 


Popular Science Monthly for May 1902.— Ed. 
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Let us now return to our experiments on electrical 
action at a distance. ‘he question forces itself upon 
us whether the condition of the bodies, which are 
between the influencing body and the conductor, 
have any effect upon the action of influence. 

I charge a paper electroscope (H, fig. 27) with — E, 
and place near it the large insulated ball, charged with 
+ H, so that through the action of influence the di- 
vergence of the leaves is lessened. (In fig. 27 the 
original position of the leaves | 
is indicated by dotted lines.) 
Now I place an insulating 
sheet of glass (g) between the 
influencing body (C) and the 
electroscope (E)—the effect 
on the electroscope remains 
unchanged, as also when I use 
a plate of ebonite or mica. © 
From this we learn that the = 
electric lines of force’ pene- 
trate insulators. At first See week at: 
sight this seems extraordinary, but it is no longer 
so when we remember that the air itself is also an 
insulator. 

Now I[ replace the insulating plane by a sheet 
of metal. You see how noticeably weaker the in- 
fluence action of the ball C upon the electroscope 
becomes. A wire netting of narrow mesh has the 
same effect. 

Still more decisive is the following experiment :—I 
set the very sensitive aluminium electroscope upon a 


1 By “‘electric lines of force” we must understand the direction 
in which the observed action at a distance takes effect. 
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Sereen effect metal plate (fig. 28), charge it, and put completely 


of wire- 
gauze. 


over it a cylinder of wire-gauze, so that the electro- 
scope is surrounded by a conductor. Now I can 
bring the electrified glass rod as near to it as I like, 
even so as to draw sparks, and yet the electroscope 


does not change its condition, while the strips of 


paper fastened to the gauze do not alter their 
position. 

] repeat the experiment, after having discharged 
the electroscope—no influence action at all takes 
place. We may say: The electroscope is in the 
electric shadow of the enclosing wire 
gauze, ‘The wire-gauze acts exactly 
as a screen does against rays of 
light ; that is to say: 

The electrical lines of force are 
stopped by conductors, but pass 
through wsulators. 

Fre. 28.—-Electricguard- = Jf | lower the influencme some 

cage, $ natural size. : , 

—for instance, an insulated ball— 
into the inside of a discharged hollow ball, no influ- 
ence action takes place in an electrometer standing 
near (Faraday). Should not this electric screen action 
also have the power of checking the discharging action 
of flame, z.e., of exercising a negative effect ? 

I charge a paper electroscope (A, fig. 29) and place 
a lighted candle near it. You see how quickly the 
charge of the electroscope diminishes. 

Now I adjust a piece of wire-gauze, made into the 
shape.of a half cylinder, in such a position in front 
of the flame that all the rays of light coming from 
it which might fall upon the electroscope may be 
intercepted by the oan ens: If I now give the 
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electroscope a charge, it remains unaltered. You 
will now understand the meaning of the guard-cage 


of the projection lamp (N, fig. 16, p. 32). 


We will now set ourselves the task of ascertaining Derivation of 
what relationship exists between the force of electrical the ae 
repulsion between two insulated and similarly electri- pulsion. 
fied bodies and the amount of charge and the distance 
between the two bodies. 

Here you see (fig. 30, p. 60) two spherical and 
hollow bodies (py and &) made of gold paper, with an 


il 
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A, Action of points of the flame of a candle. 
B. Action of the screen of wire-gauze. 
opening at the top: of these, p hangs by two long 
silk threads; the other, k, is fixed to an insulated 
rod, so that, when in a state of rest, the two balls 
just touch each other. A millimetre?’ scale placed 
behind them allows us to measure the lateral devia- 
tions of the electric pendulum (7). 
By means of an ebonite rod, which I apply to the 
1 The scale consists of a piece of millimetre paper 15 mm. 
broad, pasted on to a narrow mirror. The horizontal middle line 
of the scale lies a little higher than the balls. One’s point of view 


must be such that the suspending threads coincide with their 
images on the mirror. 
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silk threads, | push the pendulum (p) a little aside 
and charge the stationary ball () by giving it, with a 
small insulated proof-ball, a certain number of charges 
from the conical conductor. Now I let the pendulum 
slowly fall back—the two exactly equal bodies » and 
k touch each other and are charged with an equal 
amount of electricity. Through the electrical repul- 
sion, p is driven away from k, and takes a new position 
of rest (p’, fig. 830). The pendulum (p) has described 
a small segment of a circle, 
| the centre of which is the 
suspension point of the 
two silk threads. The 
| + force of terrestrial gravita- 
il tion draws the pendulum 
[eatin Oo pertinntnast back, while the force of 
7] repulsion acts against it. 

— 7 As calculation shows, on 
Fic. 30.—Pendulum electrometer account of the length of 

(Odstréil), 2; natural size, thread. of ake pen tinh 
and the small deviation, the angle which is described 
is very small. 

According to the rules of mechanics, inquiry into 
which at present would carry us too far afield, the 
action of gravity in this case is proportional to the 
lateral deviations of the pendulum —this we will 
measure in centimetres. But since electrical repul- 
sion counter-balances the action of gravity, and so is 
measured in terms of it, then the distance between 
the centres of the balls (p and k), measured in centi- 
metres, forms a measure of the force of repulsion. 

Let us now begin our experiments. I discharge 


both balls, and then, in the manner mentioned, I give 
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to the fixed ball two charges, and consequently after 
contact each ball receives one charge. The distance 
between the centres is d=5 cm., and the divergence 
a=3cm. I give to & another charge; thus & has in 
all two charges, p only one—the divergence increases. 
If I push & about 3 cm. nearer p, then the distance 
between the balls is 5 cm. and the divergence = 6 cm. 
from the point of rest. When the charge of k is three- 
fold (and the distance between the balls is 5 cm.), the 
divergence is 9 cm., 2.e., three times greater. If I 
repeat the experiment, but give to the pendulum (p) 
two charges, I get double the divergence we had 
before, as the following table shows :— 


Pendulum 
Pp 


Fixed ball Divergence 
k a 


(}1 charge | 1 charge | 3cm.=1x1-(3 cm.) 
I. Experiment, |1 charge | 2 charges | 6cm.=1 x 2°(3 cm.) 
I charge | 3charges | 9cm.=1x 3: (3 cm.) 


{ 2 charges |] charge | 6cm.=2x1:(3cm.) 
II. Experiment | 2 charges | 2 charges 12 cm.=2 x 2: (3 cm.) 
| 2 charges | 3 charges 18 cm.=2 x 3: (3 cm.) 


We can get the numbers in the last column (a) by 
multiplying the number of charges (p and k) by a 
constant (3 cm.), which depends upon the amount 
of electricity used as unit, and is equal to that 
particular force of repulsion which bodies mutually 
exert, if each is charged with the unit quantity 
of electricity. We can consequently state : 

The repulswe force of two bodies charged with the 


same kind of electricity 1s in direct ratio to the 
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strength of the charge; and if e and e’ denote the 
charges : 
a=exe' x const. (1) 


Now we will examine the effect of distance on both 
bodies. 
As both hollow balls » and k have a diameter of 
2 cm., or a radius of 1 cm., their centres are, when 
the balls are in contact (p k, fig. 31), 
ue, at rest, exactly 2 cm. distant from 
i each other. 
| I give the ball p one charge, and the fixed 
one, ball &, four charges. The distance 
between the balls is d=14 cm. (as unit 
of distance), and the divergence a= 12 cm. 
& & NowI push fk to the position k’, so that the 
i ‘| | distance dis doubled, then d’ = 2d = 28 em.: 
: i | the divergence of p is a’ =3 cm. Now I 
i__| push & further still (about 15 cm.), until the 
ok ie distance between the balls d” = 3d = 42 cm. 
The stroke a” (from rest) is 1-3 em. 
Let us again place the result so as to be seen 
at a glance. 


» 
i 
§ 


trainee renee 


9 So 


| 
Distance between Divergence of the Pendulum 
the Centres of the Balls (from rest) 
d a 
12 342 
—— ad 1 = Ses 
14 cm 2 cm iD 
28 cm. = 2d | 8om.-l2_)2 
4 “Se 
42 cm. = 3d 1°3 on. = a 
9: gsi 
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From this we gather: if the distance between the 


balls increases 1, 2, 3, ... 1 times, the divergence 

decreases, as also the force of electric repulsion pro- 
: : re les: 1 1 . 

portional to it, as, P25: geo &e, the repellent 


force of two similarly electrified balls is in inverse 
proportion to the square of the distance of the centres 
of the balls. 

If now the distance of the centres of the balls 2 = 
then the force of repulsion is inversely Be ease 


to 7, or directly proportional to its reciprocal ie We 


discovered before that the repellent force of two 
similarly electrified bodies was equal to the product 
of the two electric charges; hence the entire law of 
electric repulsion is: 

The electric force of repulsion between two balls Coulomb's 
charged with the same kind of electricity is equal *”’ 
to the product of both quantities of electricity 
dunded by the square of the distance of the centres 
(Coulomb). 

If both bodies are oppositely electritied, after 
mutual attraction, which we can consider as a 
negative repulsion— 

in bodies with similar electricity, 


, , , 
eee tore?) BIE Ke 
r r 


in bodies with opposite kinds of electricity, Si 
e(—e' —e)x(+e exe 
an Xa2); op (od *(40)_ _0xt, 


This law of electric repulsion was first discovered 
by Coulomb (1785) in a very laborious way. The 
experiment made use of above was invented by 
Odstréil (Appendix, 7, p. 387). 
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We have seen that an electroscope surrounded 
entirely by a conductor is not influenced by an 
electrified body outside it, and still less so if the 
surrounding conductor is electrified. In the case of 
a surrounding hollow sphere, on which the electricity 
is distributed equally over the outer surface, instead 
of the law of inverse squares just found, the law is— 
and indeed only for such—that the influence of the 
electrified surface on any point of the hollow space=0. 
The fact already observed, that electricity les only 


Fic. 32.—Quantitative influence experiment, 4 natural size. 


on the outward surface of an insulated conductor, 
forms the most conclusive proof of the validity of 
Coulomb’s law. 

Our present goal is nearly reached. It only remains 
for us to examine what relationship exists between 
the quantity of influence electricity and the distance 
and strength of charge of the influencing body. 

I place the electrometer (EH, fig. 32) in such a 
position on the slide 8 of the optical bench, that 
the middle point of the electrometer ball & is 
directly over the zero point of the millimetre scale. 

The insulated hollow ball (4) is exactly the same 
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height as b. Let k be now strongly electrified and 
pushed slowly towards the electrometer; the little 
leaf begins to rise gradually—now it is exactly at 
1:0. The distance between the balls is 70 cm. If 


I push & to half the distance = = 35 cm., the electro- 


meter indicates a divergence of 4:0 ; that is four times as 
great. If I place & at a point one-third the distance, 


: 0 ee 
1.€., a Space of & = 23°3 cm., the electrometer indicates 


9°0, 2.¢., a divergence nine times as great. Since, as 
we know, influence generates +E and —E in equal 
quantities, we get for small balls at a great distance 
from each other the law of squares. 

Lhe amounts of +E electricity generated by influ- First law of 
ence are in inverse ratio to the square of the distance, *™°n 

If I connect the influencing ball & with another 
insulated ball of the same size, the divergence of the 
leaf of the electrometer is unchanged. If I remove 
the connected ball, & keeps only half the charge, and 
you see the divergence on the electrometer has sunk 
from 9°0 to 4°5, or only halfas great. If I again touch 
the electrometer with the newly-charged auxiliary 
ball, the electrometer indicates after its removal still 
only 2°25, namely, one-fourth of its original value. 

Lhe quantity of +E electricity generated in an Second law 

uncharged conductor by influence is in direct pro-% Mivence. 
portion to the strength of charge (Electrical quantity, 
J) of the influencing body. For the distance, r, 
consequently the complete expression of the law of 
influence (strictly speaking, in relation to the distance, 
in the case of little balls), is: 


B= tkx5 eS 
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the formula for the amount of electricity (E) 
generated by influence, where & is a constant factor, 
depending upon the unit of length (if r=1, E=k J). 

The law just enunciated gives us an explanation 
of the principle of the attraction of uncharged for 
charged bodies. 

If » (fig. 33) is one of the electric pendulums used 
by us in the beginning, and & an electrified body, 
both +e and —e are generated by influence in the 
unelectrified pendulum p. The opposite electricity 
flows to the side turned towards the influencing body 
and is accordingly nearer to it 
(r is shorter than 7’); hence the 
attraction which & exercises will 
be greater than the repulsion ; 
and, in fact, the nearer the in- 
fluencing body approaches, the 
more will the attraction pre- 
ponderate, until finally it will 
become so great that the resistance of the air will be 
overcome. The opposite kind of electricity leaves 
the pendulum p and neutralizes in & a corresponding 
quantity of electricity of the opposite kind to the 
influencing body & In p there accordingly remains 
like electricity, by means of which the pendulum 
is now repelled. Hence there is no such thing as an 
electric charge by contact, but only by influence. 

And with this we will conclude our to-day’s journey ; 
we will consider next the effect which a conductor, 
brought near an electrified insulated conductor, has 
upon it. 


Fic, 33. 
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CHAPTER IV 


Action of the plate condenser. Theory of the condenser. Multiplying 
power of the plate condenser. Graduation of the electrometer with 
the condenser. The condenser as accumulator. The electric jar. 
The electrophorus. Determination of the capacity of a Leyden jar. 
The capacity of a condenser depends on the distance apart of the 
coatings. Dielectric constant. 


Durinc our former lessons, we have become ac- Retrospect. 
quainted with the principal phenomena which arise 
from bodies electrified by friction or through in- 
fluence. To-day we are in a position to make an 
important use of the laws discovered ; but first of all 
we will summarize the results of our last experi- 
ments. 

(1) The force of electric repulsion or attraction 
which two electrified bodies exercise upon each other 
is in direct ratio to the quantity of electricity of the 


bodies and in inverse ratio to the square of their 
exe’ 
2 ): 


distance from each other (Coulomb’s law, a= + 


(2) By the electrification of any body the electrical 
equilibrium of all neighbouring conductors is dis- 
turbed; the opposite electricity is attracted and bound; 
and the like electricity is repelled. If the conductor 
is insulated, and—while the influencing body is near 
—is connected to earth for a second, the free elec- 
tricity of like sign escapes and the conductor reraains, 


Condenser 
experiment. 
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after the removal of the influencing body, charged 
with the opposite electricity. The quantities of +E 
and —E generated in a conductor by influence are 
equal. This allows very delicate electrometers to be 
charged to a determined degree. 

(3) The action of influence takes place through 
insulators, but it is checked by conducting screens, 
and is entirely stopped if either the influencing or 
the influenced body is entirely surrounded by an 
uninsulated conductor. The amount of influence 
electricity is in direct ratio 
to the quantity of electricity 
of the influencing body, and 
in inverse ratio to the square 
of the distance. Hence it~ 
follows that the charging of 
a body takes place only ap- 
parently by- communication 
—that is to say by contact 
—hbut really by influence. 

Fic. 84.—Plate condenser, We will now examine the 

Tere action of influence which two 
flat metal plates exercise upon each other, when very 
close together, but separated by a layer of insulating 
material. 

I screw upon a paper electroscope (EH, fig. 34), in 
the place of the ball a highly polished metal plate 
(p,). Upon this I lay a very thin sheet of mica 
(7), varnished on both sides, and projecting about 
2 or 3 cm. all round the plate. Upon this comes 
a second metal plate (p,), similar to the first, and 
with a handle of ebonite (h), to which a bent piece 


of stiff wire with a loop at each side of the vertical 
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part is fastened. This vertical part of the wire bears 
a small paper electroscope. 

If I now charge the lower plate (p,) by touching it 
with an insulated proof-ball, which I have charged 
by the conical conductor (fig. 14, p. 30), the electro- 
scope shows a small divergence. Must the proof-ball 
have parted with its entire charge? Our electrometer 
is ready on the little projection table (fig. 16). I 
screw a small hollow ball on it and lower the proof- 
ball into its interior. You notice a divergence follows, 
that is to say, the proof-ball has retained a part of 
its charge after contact with the metal plate. 

I repeat the experiment, but touch at the same 
time the upper plate (p,) with my finger—apparently 
no action follows ; yet, the proof-ball indicates on the 
electrometer a distinct trace of one more charge. 

Where has the electricity of the proof-ball re- 
mained? J repeat the experiment five or six times 
—the result is always the same. 

The proof-ball, however, when it becomes dis- 
charged by contact with the lower plate (p,), im- 
parts to the latter its entire charge, which cannot 
pass over to the simultaneously discharged upper 
plate, since an insulating plate is between the two; 
yet the electroscope shows no trace of charge. But 
if I now lift up the upper plate (p.) by the insulating 
handle, you perceive that both plates are strongly 
electrified (II, fig. 34). A test shows that the lower 
plate has the same electricity as the proof-ball ; the 
upper one the opposite. 

Here, of course, there is an action of influence. The 
electrified lower plate acts the part of the influencing 


body, the upper one that of the insulated conductor. 
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While the plates—insulated by the sheet of mica— 
rest one upon the other, the electricity on both of 
them is in the state which in the last lecture we 
called ‘‘ bound.” We can for the present only accept 
the fact that the mutual attraction of the two opposite 
electricities, when in close proximity, is so strong, 
that they not only both lose their free movement, 
but also strive energetically to approach each other. 
Hence it comes about that they must gather ex- 
clusively upon the surfaces of the two plates which 
face each other; hence the upper parts of the plates, 
as also the conducting rods with the leaves, no longer 
receive any free electricity. And thus is explained the 
apparently uncharged condition of the two electro- 
scopes (E and e, fig. 34, I) before the lifting up of 
the upper plate. 

Now comes the question: Is the binding of the 
electricities which is brought about by the very close 
proximity of the two plates complete or not? Let 
us take the first case. Consider that the — E of the 
upper plate generated by influence could bind the 
entire +H of the lower plate. What would the 
result be? Evidently in such a case—whilst the 
upper plate is connected to “ earth’’—the lower 
plate would show no electricity. Further, when 
both plates are alternately touched by the hand, no 
loss of electricity should result, and so the charge 
would not diminish. This we may confirm by ex- 
periment. 

I give the lower plate a stronger charge than before, 
at the same time connecting the upper one to earth. 
You see how, after a certain greater number of charges, 
the leaves of the lower electroscope diverge slowly, 
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thus showing a continually increasing charge of elec- 
tricity ; while those of the upper plate remain in a 
state of rest (A, fig. 35). If now I touch the lower 
plate, the leaves collapse, whilst those on the upper 
plate rise up (B, fig. 35). 

When the upper plate is lifted up, both electro- 
scopes exhibit a very great divergence. But if I 
continue alternately touching the plates, bending the 
thumb and forefinger in the form of a C, so as to 
embrace the edges of the plates without touching 
them, and thus touch first with the thumb the under 
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Fic. 35.—Action of the condenser. 


plate and then with the finger the upper one, the 
divergence of the plate not immediately touched 
diminishes, and after the removal of the upper 
plate both electroscopes indicate a much weaker 
charge. 

We see from this that our first supposition, namely, 
that the electricities of both plates could completely 
bind each other, was not right. As long as the plates 
were only separated by the thin sheet of mica, the 
electricities are found to be accumulated in a dense 
and in a certain measure a condensed state upon the 


two inner (7.e., turned towards each other) surfaces of 
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the plates. Hence a pair of plates, separated by a 
layer of some suitable matter, is called a plate con- 
denser, or, shortly, a condenser. 
ppeerriat the How shall we conceive this action of the con- 
~ denser? We observed that the upper plate, separated 
from the other by only a thin sheet of mica, when 
connected to earth, was able to “bind” the greater part 
of the charge on the lower plate. Let us suppose 
that the lower plate is able to receive a charge of L 
units, in order to reach a certain specified degree 
of electrification, and that the super-imposed plate, 
connected to earth, has the power of “binding” a 
certain determined fraction (x) of the charge L of 


the lower plate. Let this fraction = ui 


Therefore, on the lower plate of the original charge 
ksh L, while there 


are free only L—aL, that is, L— nk L, that. is, ae 


L there are now bound xL= 


The ratio is 


original charge of the (lower) plate L ae 100 
free electricity of the (lower) plate “L-aL L-F2 n> 1 


that is to say, in order to charge, when the upper one 
is connected to earth, the lower plate up to the original 
degree of electrification, we must add a quantity of 
electricity 100 times greater than before. Hence 
the electric capacity of this plate has increased a 
hundredfold. This number (here 100) is called the 
multiplying power of a condenser. Therefore 


the capacity of the plate as condenser ! 


the multiplying po f th d = 
aac eo ii pais eee capacity of the same plate alone 


1 With regard to the same degree of electrification of free 
electricity. 
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Let & represent the multiplying power of a 
condenser ; then, according to the above, 


If we succeed by experiment in finding the 
number x (the ratio of the bound electricity to the 
original charge), we can easily calculate the multi- 
plying power of the condenser (cf. Appendix, 8, 
pp. 387--389). 

The condenser may now be of use in accumulating 
very weak electric charges, which cannot even be 
indicated by the very delicate aluminium electroscope, 
and in so strengthening their action that they can 
be registered by the electrometer. Later on, in the 
study of galvanism, we shall make use of the 
condenser, discovered by Volta, in a very important 
matter. Condensers are, therefore, in the true sense 
of the word, apparatus for the accumulation of elec- 
tricity. As in the present case the quantity of free 
electricity is comparatively small, so also is the loss of 
electricity in the case of a closed condenser, that is to 
say, if the plates are only divided by an insulating 
layer, it is very insignificant, and in this way an 
electric charge may be kept for several days. 

We have already seen that when two bodies are 
electrified with equal amounts of electricity, no 
electricity passes over from one to the other. From 
this follows this result, which has a most important 
bearmg upon electric measurements: a condenser 
can only be charged to such a point that the not 
bound electricity on the wmmediate electrified plate 
has the same degree of electrification as is indicated 
by the source of electricity used. 
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As we shall have to make great use of con- 
densers, it is of interest to discover how great is 
the multiplying power of the particularly carefully 
constructed plate, which 
we shall use for our 
measurements, and 
; which we shall there- 
™<@_ fore call our normal con- 
denser. Ground to the 
utmost evenness, it 1s 
nickel-plated through- 
out, and its inner sur- 
72 =~ faces and edges var- 
pgp =' nished with a very thin 

Fic. 36,—Electrometer with condenser, and regular coating of 
¢ natural size. ; 
shellac. By this means 
the multiplying power of this normal condenser is 
rendered very great. 

Multiplying [ screw a plate on the electrometer, the case 
power of the ' ; ; ; : 
condenser. Of Wwhich—as in all measuring experiments —1s 
connected to earth (fig. 36). Now I give the 
electrometer, by influence, a charge L of 4:0 scale 
units. If I now put on the upper plate, msulated 
by means of an ebonite handle with a nickel-plated 
conducting wire (0) attached, and connect it to 
earth by touching it, the leaf of the electrometer 

falls almost completely down. 
If you observe carefully the end of the leaf on 
the projection screen, you see that it takes up a 
position between 0 and the first tenth—nearly 3 
of this space, about 0°03, therefore corresponding 
to 735 of ascale unit. (If I touch the lower plate, 
the leaf retires quite bec to 0.) You see from 

4 


CONDENSER AS MULTIPLIER 


this that the amount of free electricity was extra- 
ordinarily smal]. We get as multiplying power of 
the condenser : ees 
: 400 
k=aage—z = 133. 

A more exact calculation (Appendix, 8, p. 389) 
gives k = 200. 

Let us imagine a prolific source of electricity of so 
small a degree of electrification that no appreciable 
charge follows direct touching of the lower plate (such 
a source of electricity is, for instance, described in the 
second part on Galvanism) ; then we can, by the use 
of the condenser, bring the free electricity to this 
degree of electrification, and after lifting up the upper 
plate get a degree of electrification two hundred times 
as great, which is easy to verify. You will gather 
from this, that under certain circumstances, by the 
employment of the condenser, the sensitiveness of the 
electrometer can be increased two hundredfold. 

The quantity of electricity generated by influence in 
the earthed upper plate, is, as we see, in a particular 
ratio to the charge of the fixed plate. This ratio 
depends upon the multiplying power of the plate 
in question. As we can now charge an electro- 
scope exactly, by influence, to any point on the 
graduated scale, the upper plate of the condenser 
connected to earth, and then removed, yields always 
the same amount of electricity so long as the lower 
plate keeps its original charge; and of this we can 
easily convince ourselves by observing from time to 
time the divergence of the leaves. 

A condenser may therefore also be used as a very 


good source of electricity, in order, by means of 
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another conductor, to graduate the electrometer. 
This method has further the great advantage that 
-brass, when the air is comparatively dry, is not 
disturbed by loss of electricity; as in the case of a 
closed condenser, the free electricity, as also the loss 
of electricity, is quite imperceptible. 

Graduation  [ place an aluminium electroscope (A, fig. 37), fitted 

of the electro- 


meter by the With a condenser, near the electrometer. The elec- 
condenser. troscope must have been well tested and possess 


Fic. 37.—Graduation of the electrometer, + natural size. 


especially good insulating qualities. I charge it with 
+ E by influence, put on the upper plate (0), connect 
it to earth by touching it, and transmit its charge to 
the condenser of the electrometer in the manner 
illustrated by B, fig. 37.' 

After lifting up the top plate, the electrometer 
shows a certain divergence a,, which stands in a 
determined ratio to the charge of the electroscope A ; 
and by this then it may be regulated. If, in this 

1 The charge of the plate (0) might just as well have been 
transferred to the lower plate of the electrometer, by touching 


the upper plate to connect it with earth, and this is the more 
practical way. 
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way, | give the electrometer 2, 3, 4, etc., charges, I 
get a divergence on the electrometer, representing 2, 
3, 4, of the electrical units chosen. Jn this way our 
projection scale of degrees originated, and by its 
means, but some time after, a more accurate unit was 
adopted as the degree of electrification, namely, the 
measure in units of work (wde Chapter VI.) of what 
is called a volt, in honour of Volta, the physicist. 
Our scale of degrees is, therefore, when the normal 
condenser’ is employed, at the same time a volt- 
scale. 

We have already learned that a condenser, even 
when the insulation is perfect, can only be charged to 
such a point that the unbound electricity on the 
electrified plate has received the same degree of 
electrification as was possessed by the source of the 
electricity used. By the action of the condenser it is 
possible—as we have already seen——to increase by 
artificial means the capacity of the plates. So far, 
by this method, we have accumulated only very 
small quantities of electricity. We can, however, use 
larger amounts of electricity, but the insulating plate 
must be sufficiently thick, in order to hinder the 
electric sparks from flashing through it. 


I make use of the same brass plates as in our first ex- Action of the 
condenser. 
‘ The multiplying power of the condenser is not constant, but 


dependent upon the amount of moisture in the air; hence our 
volt-scale, considered from the point of accuracy, is only valid for 
the then condition of the condenser. But for this reason the 
scale is always available as a graduated scale for other condensers. 
If we wished to give the observed degree of electrification in volts, 
it would be merely necessary to determine the divergence which a 


volt brings out, e.g. 0°85; then the fraction Le would be the reduc- 
tion factor with which the value obtained must be multiplied, 
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periment (cf. p. 74), but I place between them a piece 
of mica varnished on both sides and 1 mm. thick, which 
overlaps the plates of the condenser all round by about 
2 or 3 cm. Whilst I connect the upper plate to 
earth by touching it, I charge the lower one with the 
electrified flint-glass rod, by putting this on the con- 
ducting rod of the electroscope (fig. 38) and taking it 
away again. I repeat this about ten times. You see, 
the leaves of the electroscope indicate continually 
more and more free electricity. If I now move away 
the upper plate in as steady 
a manner as possible, I can 
draw from both plates a plainly 
visible and audible spark, by 
putting near them the knuckle 
of my first finger. I again 
repeat the experiment several 
times, and beg you to touch 
at the same time both plates 
of the closed conductor. You 
feel a pricking sensation in 
the finger tips, more marked than that obtained by 
the discharge of the spark from the plate taken 
away. 

If we require to arrange this kind of condenser in 
a simpler form, we need only paste tinfoil on both 
sides of a well-insulating sheet of glass, being careful 
to leave a free edge all round (Franklin’s plate); but 
such pieces of apparatus are very fragile. A more 
practicable form of condenser for large amounts of 
electricity is the electric jar, discovered in 1745 by 
Kleist, and by Cunaus in 1746, in Leyden, also known 
by the name of the Kleist or Leyden jar. 
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I put before you a dismountable example of one Hlectric jar 
of these electric jars, from which we can learn in large 
convenient way their action (fig. 39). 

A closed metal vessel (2), provided with a strong 
conducting rod ending in a ball, fits exactly into a 
well-insulating glass beaker (g), and this in turn into 
a metal vessel (a). B, fig. 39, shows the electric jar 
fitted together. The metal cover a is called the outer 
and 2 the inner coating. 

I charge the jar by repeatedly (15 or 20 times) 
placing the electrified glass rod’ on the ball of the 


Fic. 39.—Electric jar with movable coatings, +, natural size. 


conducting rod, and draw it along so that as great a 
part of its surface as possible may come in contact 
with the metal; at the same time I touch the outer 
coating with the other hand, or I fasten the earth 
wire to a hook in the outer coating. If I now first 
touch with the discharging tongs (L, fig. 39) (this con- 
sists of a strong wire with the middle loop mounted in 
an insulated handle, the ends of the wire terminating 

1 The flint-glass rod referred to here (a present from my 
departed colleague, Chamonton, who brought two specimens from 
Greenwich) is about 40 cm. long, and its action is very strong. 
After being rubbed with amalgamated leather, it yields sparks 


4-5 cm. in length, when brought near the knuckle. It has a 
convenient wooden handle, to obviate contact. 
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in metal balls) the outer coating, and then apply the 
other ball to the ball of the jar, you hear a sharp 
report and see a bright spark shoot across. 

Would you like to test the action of this condenser 4 
While I again charge the jar, form a chain of three 
or four persons, by taking hold of each other's hands. 
Let the first person in the row lay hold of the outer 
coating of the jar. Let the last touch with the 
knuckle (not the finger tips) of his bare hand the 
ball. You all start, because the electric shock went 
through your bodies, and attacked with 
a kind of a cramp the muscles of your 
hand and arm as far as the elbow. 
This is a small jar. The larger one on 
the side-table yonder can be still more 
strongly charged. The glass vessel has 
the shape of a cylinder, and is pasted 
over outside and inside for 3 of its 
| height with tinfoil. The conducting rod 
Fre. 40,—Large 18 msulated from the wooden cover by 

electric jar, Ys means of an ebonite stopper, which gives 

better results and protects the inside 
from dust. The lower end of the conducting rod is 
provided with three narrow, feather-like strips of metal, 
which make a conductive connection with the inner 
coating of tinfoil. In order to increase the insulat- 
ing power, the uncoated glass surface, after being 
thoroughly warmed, is painted over with shellac 
varnish, | 

Before we pursue further the enquiry into the 
action of electric or Leyden jars, we must seek for 
a means of generating in a more convenient way a 


larger amount of electricity than is possible with the 
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flint-glass rod. Such an apparatus, which-at the 
same time shows us an interesting application of 
influence electricity, is the electrophorus (Wilke, 
1762). 

I take an ebonite disc of 5-6 mm. thickness, the The electro- 
upper surface of which has been scoured with ee ae 
paper, and the under surface pasted over with strong 
tinfoil. 

I place the ebonite plate (E, fig. 41) on a metal 
plate somewhat larger than itself (p), and flick it 
with a fox-brush. Then I 
place a hollow disc of metal 
with rounded edges and an in- 
sulated handle on the electrified __ a 
ebonite plate, and take it away ye. 41.—Blectrophorus, 
again—it is un-charged. If I tani 
touch this plate, called the cover of the electro- 


' This scouring of the ebonite sheet with sand or glass paper 
(emery paper must not be used, as it injures the surface of the 
ebonite) has a double object. On the one hand, a smooth surface 
must be obtained, because thus it becomes more strongly negatively 
electrified (p. 13), and also the oxidised conducting surface must 
be removed. Most varieties of ebonite exhibit this very annoying 
oxidation in the air; others—which cannot be distinguished out-- 
wardly—have this quality in a much lower degree: e.g., the 
ebonite cork of our aluminium electroscope (A, fig. 37), although in 
constant use since 1887, still insulates perfectly ; on the other 
hand, the insulating quality of the ebonite stopper in the electro- 
meter and the paper electroscope has gone off very much during 
the course of the year. 

Professor Weinhold’s proposal to insert in the ebonite ae 
an amber tube, somewhat longer than itself, has fulfilled his 
expectations, so that all electroscopes here used are fitted with 
it. Copal varnish also insulates perfectly, but it often cracks 
and is difficult to use; so is the very much recommended mixture 


of melted paraffin and flour of sulphur. 
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phorus, while it lies upon it, with my hand, we hear 
a crackling, and the cover, when again raised up, 
is strongly electrified with positive electricity. Still 
stronger is the effect if I touch the lower metal 
plate (p, fig. 41) and the cover lying on it at the 
same time. Try it now—a small shock follows, 
which reminds us of the discharging of the Leyden 
jars, and, as we shall see immediately, depends upon 
an allied phenomenon. The cover is now when 
removed still more strongly electrified, so that when 
the knuckle approaches it, it yields rather sharp 
sparks of 3-4 cm. in length. 

What now was the effect of touching both plates 
at the same time? The strongly negatively electri- 
fied ebonite plate generates by influence on the cover 
and at the same time on the lower metal plate + E. 
The repelled —E of the cover can only escape by 
being earthed or by touch, but the —E of the lower 
plate flows through the table to the earth. Ac- 
cordingly, the bound +E remains and acts in its 
turn upon the cover, whereby the charge of this last 
is diminished. If now both plates are conductively 
joined, the free —E of the cover unites with the 
weaker bound +E of the lower plate (on account 
of the greater distance from the electrified upper 
surface); thus the hitherto bound part of —EK on 
the electrified surface becomes free and strengthens 
the influence action on the cover. That the process 
occurs in this way appears from the following 
experiment. I again place the re-charged cover in 
position, and touch it to connect it with the earth. 
Kindly touch it again. You feel no further charge. 
Now hold your finger tightly on the cover, and at the 
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same time touch the lower plate (p). You feel a 
distinct shock, although not so strong as_ before. 
The reason lies in the fact that the bound + elec- 
tricity on the lower plate used your hand as a bridge, 
in order to betake itself to the lower surface of the 
cover, and thus get as near as possible to the —E of 
the ebonite surface. Why do not the electricities of 
the cover and the electrified disc unite, since both 
surfaces are in contact? Well, because an insulator 
only parts with its charge under compulsion.' 

Every surface, also, even the smoothest, has small 
elevations, so that the cover of the electrophorus 
rests, In a certain measure, on insulated points. At 
the outset the charge of the ebonite plate diminishes 
a little; later on so very little that—if the cover set 
on it is connected to the earth—an electrophorus, 
when the atmosphere is dry, keeps its charge for 
weeks together. 

The original electrophorus plates consisted of fused 
lumps of resin, but these, on account of their fragility, 
were not very suitable; in summer also they were 
very easily bent. 


Let us now return to our Leyden jar experiments. 
Let us charge the dismountable jar (fig. 39)—ten 
charges with the cover of the electrophorus will 
suffice. When discharging it with the discharging 
rod (fig. 39), a very bright spark appears, accompanied 


1 To discharge an insulator fully it is not sufficient to pass it 
through a flame, as most teachers say, but it must be rinsed in 
clean water, rubbed with a linen cloth, and then carefully dried 
before a steady flame (in the case of condenser-plates, until the 
film of moisture which forms at first quite disappears). It must 
then be allowed to cool. 
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by a very loud report, as in the last experiment. Now, 
after the jar is discharged, I tap with my pencil on 
the glass vessel, and we can draw another charge, 
although a very weak one. We could have done the 
same without tapping if we had allowed it to stand a 
long time. 

How shall we explain this remaining charge, this 
so-called ‘‘ residual charge” ? 

I place the dismountable jar upon a well-insulating 
block of paraffin and fasten to the conducting rod a 
strong silk thread. Now I electrify the jar as before, 
of course connecting with the hand the outer coating 
to earth, and by means of the silk I lift out the inner 
coating. When a paper electroscope is touched with 
it, it indicates only a small charge of + EH. 

Now I lift up the glass vessel and touch the 
insulated outer coating with the head of the re- 
charged paper electroscope—there is scarcely a sign 
of electricity visible. But if I put the jar together 
again, there appears, when the discharging rod 1s 
applied to it, a brilliant spark, and the loud sound 
accompanying shows that the electric yar had kept 
its charge. 

Evidently that part of the charge hitherto called 
by us ‘“‘bound” had betaken itself to the surface of 
the glass. 

Now we know (see note, p. 83) that insulators 
only part with their full charge with difficulty, and 
as the spark discharge takes place in such an ex- 
traordinary short space of time that all the elec- 
tricity cannot follow quickly enough, it happens that 
a residuum remains. Gradually a part of the elec- 


tricity remaining on the surface of the glass betakes. 
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itself to the coating (and this is called forth by tapping), 
and when the discharger is brought very near it yields 
a spark. According to this, it is probable that a 
discharging jar, after a long rest, will yield another 
charge or several charges of diminishing strength. 
This actually happens. 

I now charge the large electric jar (fig. 40), the 
conducting rod of which I have connected with a 
paper electroscope by means of a wire. I then place 
one of the balls of the discharger on the outer coating 
and slowly bring the other one near to the ball of the 
jar. When a certain distance off, several sparks flash 
across, accompanied by a loud crack. Bringing it 
nearer still, several more sparks flash across, the 
strength of which apparently diminishes very quickly. 
At every discharge, of course—as the sinking of the 
electroscope leaf shows—the amount of stored-up 
electricity decreases, hence the electric density grows 
less ; accordingly the force is no longer sufficient to 
overcome the resistance of the air. Only when the 
balls are brought nearer can another part of the 
charge be discharged by a spark. After what has 
been said, it is clear that when a discharge occurs by 
means of a spark, the residual charge of the jar must 
be greater the greater the length of the spark. On 
the other hand, the remaining charge of the electric 
jar, the ‘“‘jar-residuum” which is left after quick 
conductive contact of both coatings, depends upon 
the nature of the glass. 


We will now try to gain an idea for ourselves of 
how great a quantity of electricity an electric jar can 
store up, in comparison with an insulated conductor 
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of the same shape and size as the inner coating, 
when both are electrified to the same degree. 

As a testing body we will make use of the inner 
coating of the portable jar, which is suspended (J, fig. 
42) by two strong silk threads (s). 

A paper electrometer consisting of the electrometer- 
case and scale already used, but bearing another 
ebonite stopper with amber tube, while the conducting 
rod carries a paper leaf instead of an aluminium one, 

which would be too delicate for the present object, 
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will serve to measure the degree of electrification. 
Capacity. Further, we make use of the capacity-measurer (fig. 
meas" 49), which is in fact a simple discharging electrometer. 
A wooden stand (8) bears a horizontal ebonite rod (2), 
together with a firm, thin, nickel-plated disc (B) and 
a movable ball (k). Bis connected to earth, and the 
ball & with the body (J) to be tested. Between both 
there hangs by two very fine silk threads the small 
electric pendulum (p), which measures in diameter 


10 mm. and is made out of sunflower pith. It is 
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covered over with aluminium leaf, stuck on with 
white of egg. 

As soon as I charge the body to be tested (J) with 
the glass rod, the pendulum (p) between the ball (f) 
and the plate (B) begins to swing to and fro, and, 
striking on the plate, it gives out a clear sound, 
enabling you to count strokes of the pendulum; while 
on the projection screen, by observing the leaf, you 
can follow the lessening of the degree of electrification.’ 

I continue charging the body to be tested until the 
divergence of the leaves indicates more than 4 degrees 
on the scale. At the moment when the divergence is 
exactly 4, I give a sign, and you must begin to count 
the swings of the pendulum, until I give a second 
signal that the degree of electrification is exactly 3. 
How many pendulum strokes have you counted? 15. 
Then 15 discharges of the pendulum ball were neces- 
sary to reduce the degree of electrification of the body 
to be tested from 4 to 3, 7.e., to lower it one unit. 

As a comparison, I replace the insulated coating 
(J) by the insulated hollow sphere of a radius of 10 
em., which we have already used (fig 21, p. 40). 
In this case 19 discharges are required to lower 
the electrification from 4 to 3, whilst in the case of 
a ball of 5 cm. radius 10 discharges sufiice. 

Now let us again put together the electric jar, and, 
as before, connect the inner coating with the paper 
electrometer and the ball k (fig. 42), while the outer 
coating is connected to earth. I begin to charge the 
inner coating. You already notice that a great many 


1 Of course I might hold an insulated proof-ball to the ball of 
J, and discharge it with the other hand, but the capacity- 
measurer is more convenient. 
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more charges of the glass rod are necessary to electrify 
the jar up to the same degree as for the inner coating 
only. Counting the oscillations of the pendulum is 
now rather tiring. We will begin again, when the 
divergence is exactly 4. Now—I count aloud up to 
10, making a mark on the blackboard every time I 
reach that number; after every fifth I place a thicker 
stroke. Now the degree of electrification has reached 
3. I hold the blackboard up. How many chalk 
marks do you count? 27. ‘Therefore we have 
27 x 10=270 discharges. We get, therefore, for the 
same difference in the degree of electrification! : 

From the insulated inner coating . 15 discharges. 
», Clectric jar. . oi aT OWy Ae 


»» 5, Insulated ball (*7=10cm.) 19 - 
” ” ” oy) (r= 4) em.) 10 ” 


39 


From this we see that the electric capacity of our 


é ae , 
small Leyden jar is a or 18 times greater than the 


; ‘ : : 2 
capacity of the insulated inner coating, and oe or 14 


times greater than that of the insulated ball of 10 em. 
radius. : 
Further, we remark that the ball of 10 em. 
radius has almost exactly a capacity twice as great 
as the ball of 5 cm. radius. Now 10:5::2:1, 
2.€., the capacities of the balls are proportional to their 
radu. Hence it follows that if (e.g., in the experi- 
ment, fig. 12, p. 26) an insulated ball increases its 
radius 10 times, the volume increases 1000 fold, the 
surface 100 fold, but the electric capacity only 10 fold. 
* The exact value appears if we first calculate the capacity of 


the wire connecting. the capacity-measurer with the electrometer 
and subtract this from the value obtained. 
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We cannot perform the experiment very well with 
the large electric jar, as the discharge would take too 
long. . In an experiment made beforehand, 32 minutes 
were required, in which altogether 154 discharges 
per minute took place (the strokes occurring during 
the first minute were counted, and then after every 
5 minutes those during one minute). The number of 
discharges was, therefore, 32 x 154= 4928. Now, the 


capacity of the great electric jar is se = 259 times 


greater than that of the insulated sphere of 20 cm. 
radius, @.é., it corresponds to the capacity of a ball of 
259 x 20= 5180 cm. or 51°8 m. diameter. You will 
now understand what an immense charge must exist Leyden jar 
in a big electric jar charged up to its full capacity. mea 

In the interior coating of a large electric jar, whose *lect™ity. 
outer coating is connected to earth, we now know that 
there exists a very continuous supply of electricity, 
which (cf. pp. 30 and 76) is very suitable for the 
graduation of electrometers. 

In conclusion, we will now answer the question: In 
what relation does the capacity of a condenser stand 
with regard to the distance apart of the plates, and 
what is the effect of the employment of an insulated 
plate instead of the separating stratum of air ? 

On the optical bench (O), graduated in millimetres, The air 
two movable ebonite pillars (/, and J, fig. 48) are peeneinsS 
arranged, and through the tops of these brass rods 
are pushed, to which the two large plates (p, and pz) 
before used are screwed. ‘The wires are conductively 
joined to the two paper electrometers A and B. The 
pillar 7, I place exactly over the zero point, and move 
/, forward so that the two plates just touch, and then 
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I fix the pillar 7, with the screw. If now the pillar J, 
is pushed to the right, we can calculate the distance 
between the plates to the tenth of a millimetre. 

Next I move the movable plate p, as far away as 
possible (z.e., 2 metres) and charge the electrometer A 
so strongly that the divergence covers 10 units of 
the graduated scale. Now I again push the electrified 
plate (p,) forward, until the distance between the two 
plates is just 8 cm. :—the divergence on the electro- 
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Fic. 43.—Air condenser, 75 natural size. 


meter B=0°6. If I move the plate to half the 
distance, 4 cm., B shows the divergence = 1'30. Here 
we immediately remark that in electrometer A the 
free electricity diminishes in proportion as the opposite 
electricity in the plate », is bound in B, and the like 
amount of similar electricity in B electrometer is re- 
pelled. Let us continue this and put the results side 
by side, and we see :— 


Distance of plates 8cm. 4cm. 2cm. 1 cm. 

Influence charge of elect’. B. 0°6 1:3 2°7 5:5 

Ratio of the charges 1. : 2:2 4 
_— 
1 : 2 nearly 
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u.e.: In plate condensers—for short distances—the 
capacities are almost in inverse ratio to the distance 
of the plates. 

I now put before you a very smooth, round paraffin 
plate, of 18 cm. diameter, and about 2 cm. thick, with 
an ebonite handle inserted in the side. I hold it 
close to the plate p, (fig. 43), and push the newly 
discharged plate , along until it touches the other. 
We read on the index of pillar /,, that the distance 
between the plates =1°80 cm., and this is the thick- 
ness of the paraffin plate, which I again withdraw. 

Now, we will compare the action of this paraffin 
plate (which, as is necessary, overlaps the metal plate 
all round about 3 cm.) with a stratum of air of the 
same thickness. 

I push the plate (p,), fig. 43, far away, unfasten the Meaning of 
wire hook from the electrometer A, and hook it on ee 
to the earth wire, so that the plate p, is in constant 
connection with the earth. Now I place the large 
Leyden jar already used (fig. 40, p. 80) near the 
other plate (»,.), connect the outer coating to earth, 
and join the inner one by a short fine copper wire, 
whose ends finish in loops fastened to small pieces of 
ebonite, with p, I charge the Leyden jar with the 
electrophorus cover, until the electrometer B shows 
divergence a =1°0. Now I push the plate p,, which 
is connected to earth, forward, until the distance 
between them is exactly 1°80 cm. (the thickness of 
the paraffin plate), and the clectrometer B connected 
with a very prolific source of electricity indicates 
scarcely a trace of any decline of divergence. But 
if I now remove the connection with the electric jar, 


and push 9, far back, the electrometer shows a greater 
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divergence, namely, a;=3'4. Now I again restore 
the connection with the electric jar and place the 
paraffin plate as before on p, and push up p, again 
until the two touch. After interruption of the con- 
ductive connection with the jar and pushing back 
the plate p,, the electrometer (B) shows a still greater 
divergence, namely a,=6'0. When the air stratum 
was used, p, was only 3°4 of an electric unit, but in 
the case of an equally thick plate of paraftin 6:0 
units. The action of an insulated cake of paraffin 
is 6 + 3°4 or 1‘7 times greater than that of an equally 
thick stratum of air. 
This quotient 


capacity of the condenser with the insulator _ 
capacity of the same condenser with an air stratum 


is the dielectric constant of the insulator or dielectric. 
This means that if the capacity of the same con- 
denser with air as the insulating stratum =1, then 
the capacity of an equally thick layer of the insulator 
in question is & times as great. 

Therefore, according to more accurate measure- 
ments than ours, 


The dielectric constant (air =1) is for 


Sulphur . 4 . 384 | Vacuum. . 0:999410 
Ebonite. . 315 | Hydrogen . . 0:994764 
Glass : 3°013 — 3°243 | Carbonic acid . 1:000356 


We learn, therefore, that with respect to those 
quantities of electricity which are generated by influ- 
ence, not only must the distance of the influencing 
body from the influenced one be considered, but also, 
in a high degree, the nature of the surrounding 


dielectric (Faraday). 
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Later on, when experimenting with the influence 


machine, we shall make the acquaintance of an 
interesting quality of a fluid dielectric. 


The goal of this part of our journey is reached ; 
we have become acquainted with the principal 
phenomena of static or frictional electricity, and 
we shall now study the apparatus for the generation 
of larger quantities of electricity—that is to say, 
the electric machine. 
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CHAPTER V 


Frictional electric machine and experiments with it. Its theory. 
Distinction between +E and -E. Experiments with larger 
quantities of electricity. Electrical induction. The electric field. 
Electric equipotential surfaces and electric lines of force. 
Atmospheric electricity. Measurement of atmospheric electricity. 
Theory of the storm. The lightning conductor. 


We have just made the acquaintance of apparatus 
for the accumulation of electricity—plate condensers 
and Leyden jars—and have studied its action. We 
have seen that : 

(1) If we bring near to an insulated and charged 
conductor another conductor which we have connected 
to earth, unlike electricity will be ‘‘ bound” in the 
latter by influence, and it reacts similarly on the 
charged conductor. Thus the degree of electrification, 
and accordingly the free electricity in the latter (z.e., 
the charged conductor) will be much reduced, and we 
must again supply it with electricity to raise the free 
electricity to the original degree of electrification—that 
is to say, the power of reception or the capacity of the 
charged conductor has considerably increased on ac- 
count of the proximity of the second earthed conductor. 
If now the second conductor be removed, then the 
whole amount of electricity of the charged conductor 


becomes free and exhibits a much higher degree of 
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electrification than before. From this cause, there- 
fore, the free electricity has a greater density. By 
this we are enabled, by means of a continuous supply 
of electricity of low degree of electrification, to raise 
a body to a much higher degree of electrification 
than the source of electricity possesses. 

(2) Volta’s plate condenser enables us to accumu- 
late very weak quantities of electricity, which our 
electrometer cannot indicate. This is done by re- 
peated charges, which allow us to prove its existence. 
The Leyden jar, on the other hand, gives us the 
power of accumulating larger amounts of electricity 
and of keeping them for a longer time. Also, a large 
Leyden jar, the outer coating of which is conductively 
connected to earth, acts as a very constant supply of 
electricity, which is of advantage in the graduation of 
the electrometer. 

(3) The binding force, and with it the multiplying 
power of a condenser, is greater the nearer the 
metallic surfaces are to each other, and the better the 
dividing stratum insulates. If we take as our unit 
the multiplying power of an air-insulated condenser, 
then the ratio of the multiplying power of an in- 
sulating plate of equal thickness to the multiplying 
power of air as insulator, is what is known as the 
dielectric constant of the insulator. 

Having learned all the principal phenomena of static 
electricity which are material for us, we will now turn 
our attention to those electrical machines which are 
used to generate larger quantities of electricity. 

You will remember that a glass rod, when rubbed 
with amalgamated leather, becomes strongly charged 
with positive electricity. By its means we have been 
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able to perform all our experiments, and even to charge 
the electric jar, yet with great waste of time. You 
have now before you (fig. 44) a small frictional 
electric machine, which in a very short time puts: 
forth a much larger amount of electricity than the 
glass rod and is also much more convenient to use. 
The place of the rod is taken by a glass plate well in- 
sulated and Gres of becoming strongly charged by 
friction. The glass 
plate is made to 
revolve by a glass 
spindle resting hori- 
zontally on two 
wooden pillars (T, 
and T,), is turned 
by a handle (H), 
and acts as the 
thing rubbed. 
Two amalgamated 
» leather cushions(R) 
=== serve as rubbers, be- 
: === ing pressed to the 
Fre, 44, —Winter’s frictional el stacey machine, tWoO sides of the 

ts DEOL NAS plate by springs. 
The negative conductor (—K), upon which the —E 
of the rubber accumulates, is a brass cylinder, con- 
nected with the rubber (R), and insulated by a 
short glass support. The positive prime conductor 
(+K) is a well-insulated brass ball, from which 
projects a brass rod ending in two wooden rings, 
one on either side of the plate. These bear within 
a deep groove, but not projecting beyond it, a 


number of needle-points called the collecting spikes 
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(S). When the handle is turned in the direction 
of the arrow, the parts of the plate between the 
leather cushions are all but touched by the collecting 
spikes, and the electricity generated is discharged 
by the action of the points. In this way the 
positive conductor receives a continuous charge of 
+E. In order to guard against any loss of elec- 
tricity, two pieces of silk (Z) are fastened to the 
rubbers, and the electrical attraction causes them to 
adhere to the sides of the glass plate. 

We shall easily understand the action of the 
frictional electric machine, when we set it working. 
I turn the handle in the direction of the arrow. 
You soon hear the well-known hissing which betrays 
the flow of electricity. I now approach the knuckle 
of my finger to the conductor (+ K), and a spark of 
from 4—5 cm. in length shows me that the conductor 
is charged. By transferring a charge by the proof-ball 
to the paper electroscope, it is seen to be +H, while 
the conductor of the rubber naturally yields — E. 

I continue turning. The relatively weak output of 
the apparatus appears to grow less, for the length 
of the sparks becomes smaller. Now I hook the 
earth wire to the small conductor of the rubber, 
and immediately, when the knuckle is approached to 
the prime conductor, large sparks of from 8 to 10 cm. 
in length shoot across, causing at the same time a 
pricking sensation. I can get still longer sparks of 
from 10 to 12 cm. by fitting on to the large ball a 
smaller one (g), and putting the knuckle near it. 
Nor do these sparks decrease when the turning 1s 
continued. Whence comes first this uniform and 


then this increased action of the machine ? 
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ea ofthe We already know, that by contact a body can only 

machine, be brought to the degree of electrification of the 
source whence the electricity is drawn, and that 
by friction an equal quantity of the opposite kind of 
electricity is generated. If then the conductor (— K), 
connected with the rubber, has attained the same 
degree of electrification as the leather cushion, it can- 
not receive any further — E electricity, or in any case 
only so much as during the turning of the plate is 
lost by the rubber and the conductor by radiation 
into the air or by some want of proper insulation. 
But if the rubber can only take up little —E, only a 
corresponding small amount of +E can be free on 
the glass plate and received by the collecting points 
of the prime conductor. Hence, too, the positive con- 
ductor is only feebly charged. All the rest of the 
+H is again united at the moment of its generation. 
If, however, the rubber is connected to earth, all the 
—I received flows away, and the entire amount of 
+E becomes available. 

We thus see that the frictional electric machine in 
full action only supplies +E, for the connection of 
the + conductor with earth to obtain —E on the 
rubber conductor is of no advantage, as this, on 
account of the rough surface of the leather, holds the 
electricity less effectually. Its capacity is also much 
smaller. 

There is another means of increasing the action of 
the apparatus. If I place the intensifying ring (V, 
fig. 44) upon the prime conductor, the sparks are 
brighter, but they follow less quickly as the knuckle 
is drawn further away—the snapping sound grows 
stronger, but the length of spark not remarkably 
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greater. We see from this that the ring has in- 
creased not the degree of electrification, but the 
capacity, and with it the quantity of electricity 
generated with each single spark. 

This intensifying ring consists of a polished wooden 
ring of a diameter of about 2 cm. Between the two 
longitudinal sections of the ring, which are glued 
together, and of the straight piece connecting it with 
the conductor, there runs a copper wire, with ends 
bent at the extremity, and so in conductive 
connection with a brass socket fixed to receive it in 
the opening of the prime conductor. The mode of 
action of the ring is not quite clear, wherefore I 
cannot give you a satisfactory explanation of it. 

As we shall soon make the acquaintance of a still 
more fruitful source of electricity, I shall confine 
myself to a very few experiments in frictional 
electricity. 

For historical reasons I do not wish to pass over Historical. 
this machine, discovered by Otto von Guericke in the 
_ seventeenth century, and constructed in its present 
form by Winter in the middle of the nineteenth, 
although to-day it is only of very moderate im- 
portance. 

I. Instead of the Winter’s ring, I place on the 
prime conductor a wooden rod covered with tin- 
foil (A, fig. 45), to the upper end of which is fastened 
a small metal plate which bears many strips of 
different coloured paper. One turn of the handle of 


* For example, when the ring is covered with tinfoil, or some 
equally thick metal coating, the action is weaker; the position of 
the ring has also some effect, for its action is strongest if its 
plane is parallel with that of the glass plate. 
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the machine is enough to make the strips stand up 
all round (B, fig. 45). Here you have a paper electro- 
scope on an enlarged scale. If I bring the hand near 
the electrified strips, they will be strongly attracted 
(C, fig. 45), a process needing no explanation. 

II. Perhaps you would yourselves like to play the 
part of conductor? Let one of you stand on this 
stool, insulated as you see from the ground by these 
glass feet, and place one hand gently on the conductor. 
I turn the handle. 
Your hair stands 
on end; still, you 
feel no other dis- 
comfort. Now I 
put the knuckle of 
my first finger to 
£ \your arm A 
“bright spark ap- 
pears, showing you 
are a good con- 
ductor, but the smarting pain makes you jump quickly 
from the footstool. 

III. I set the machine again in motion, and put my 
left hand near the conductor. Across the short space 
between, you see sparks flash. All at once they cease. 
Now try to touch the conductor. Only when quite 
close there flashes across a small, scarcely visible 
spark. I change the position of my finger, and 
immediately you get strong sparks. 

The solution of this riddle is easy enough. You 
see (fig. 46) on the finger of my left hand a wire ring, 
the bent end of which ends in a very fine point. If I 


point it towards the charged conductor, the neutraliz- 
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ing action of the point comes into play. The 
influence electricity drawn from my body (first kind) 
streams across through the air (cf p. 41) and 
unites with the +E of the conductor. The small 
sparks appearing in the operation are too small to be 
visible; still, in the dark we should perceive an 
electric brush discharge. 

The Premonstratensian monk Prokop Divisch (a 
predecessor of Franklin in the discovery of the 
lightning conductor) almost drove the learned Jesuit 


Fig. 46.—Divisch’s experiment. Fic. 47.— Apparatus for the 
ignition of inflammable 
liquids, ~, natural size 

Franz to despair by this experiment, as he was 
showing him in 1750 what was, for those times, an 
electrical machine of very strong action. Father 
Franz had denied the action of points as stated 
by Divisch. Divisch, without being seen, brought 
his needle near the conductor of the machine 
and stopped its action. ‘The denier of the action of 
points was conquered ! 

IV. Here you see a hollow metal saucer (fig. 47), 
over which swings a small brass ball, hung on a chain. 
It is connected with an insulated pointed wire. 


In the saucer, connected to earth, | pour a little 
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sulphuric ether or some other easily inflammable liquid, 
such as bisulphide of carbon, warmed alcohol or the 
like, and place the apparatus near the conductor. As 
soon as | turn the handle, a spark shoots across from 
the swinging ball to the edge of the little saucer. To 
oblige it to take its way through the liquid, I place 
in this last a ball (£4) small enough to be quite 
submerged. Immediately I turn the machine the 
spark shoots across to the little ball and the ether 
bursts into flame. After 
the flame has been ex- 
tinguished, the experi- 
ment may be several 
times repeated, until all 
the ether is burnt up. 
After the saucer has 
cooled, I place some 
gunpowder in it. The 
powder is blown about, 
( without being set on fire. 
Fig. 48.— Model of an influence machine, As the continual turn- 
by K. W. Dubrowsky, 7, natural size. ing of the handle mae 
electrical machine, on account of the strong friction, 
is rather tiring, we will perform the further experi- 
ments by means of the more effective influence 
electrical machine. In order to understand more 
clearly the complicated method of action of this 
highly interesting machine, discovered simultaneously 
in 1864 by Topler in Riga and Holtz in Berlin, we 
will first consider a simple model (fig. 48), constructed 
by my colleague, Herr K. W. Dubrowsky, in St 
Petersburg, with the simplest implements. (A very 


minute description, with exact specification of 
102 


INFLUENCE MACHINE 


measurements, will be found in the Zeitschr. phys. 
und chem. Unt., ix., 1896, pp. 223-225.) 

A long drill spindle (A, fig. 48), capable of being 
turned only in one direction, is fastened into a 
simple wooden frame in such a manner that its upper 
end projects about 6 cm. beyond the top, and at this 
upper end is screwed a thin, round plate of ebonite 
resting on another small, somewhat stronger ebonite 
plate, not visible in the figure. 

Over it I fix an ebonite ruler (L), bearing two 
wooden sleeves (k,, k,) bronzed over, and spiked 
on the underside; these all but touch the ebonite 
plate. Hach sleeve has a hole for the insertion of 
wires (b,, b,); and on the left one the cover of a 
small metal box is fastened, on which a small Leyden 
jar may be set. 

In order that the apparatus may not fall, I clamp 
it (by P) to the table. Into the holes bored into the 
side-pieces I put two pieces of wire bent at right 
angles (b,, b,), the looped free ends of which I so adjust 
that the distance between them is from 2-3 mm. 

To set the machine going, I hold an electrified 
ebonite plate (e) pressed close to the underside of 
the plate (S), which (by a downward movement of 
the runner) I put in quick rotation. Immediately 
you hear a crackling and see a track of sparks flash 
between the ends of the wire, which lasts as long as 
I allow the plate to rotate. 

This test proves that the conductor, which is 
opposite (on the left) to the influencing plate (e), is 
similarly, z.e., negatively electrified, while the other 
(on the right) is positive. By influence, then, we 


have obtained from a weak charge of negative elec- 
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tricity (in e) a much greater quantity of -E and+E, 
without e being discharged. 
Let us now pass to the influence machine.! 
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Influence Fig. 49a gives you the general view, and fig. 49b a 
machine. horizontal cross-section of the apparatus. You see 
here two glass plates (S and R), varnished with shellac 


1 In England the Wimshurst machine is found to be more 
efficient than that of Holtz here described, and has entirely 
supplanted it. It depends on the same principle, but is self- 


exciting.— Hd. 
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to increase the insulation ; they are placed quite close 
together. The smaller plate (R) opposite you moves 
very easily about its horizontal axis, and by means of 
a belt from the fly-wheel (M) can be made to rotate 
very quickly. On the back of the fixed plate (8) two 
pieces of paper (7, 2) are pasted, which serve as 
exciters. The oval openings (O) (windows) are not 
found in all machines of this kind and are of no im- 
portance, as also two pointed pieces of cardboard, 
fastened to the sectors of paper and sticking through 
these openings, reaching nearly to the rotating plates 
and turned towards the direction of their movement. 
In the specimen before us I have removed them, and 
the apparatus works at least as well as before. 
Opposite one edge of each piece of paper you see 
in front of the rotating plate (R), and turned to you, 
two collecting combs (s,, s,, fig. 49b), insulated by 
strong ebonite supports, connected by strong brass rods_ 
to the conductors (K, and K,). These may, by means 
of the ebonite handles, be pushed nearer to each other 
or further away. The balls, through which the con- 
ductors are passed, are supported by the conducting 
rods of two Leyden jars (F, and F;,), the outer coatings 
of which are joined by the removable brass bar (qd). 
It would lead us too far afield were I to attempt 
to explain to you the somewhat involved and not 
yet universally admitted theory of the influence 
machine. It will be quite sufficient for our purpose, 
if, by means of our paper electroscope, | give you a 
gradual insight into the working of the separate parts. 
I touch first of all the two pieces of paper (p, and pz, 
fiz. 49a), as also the conductors, with the ball of the 


electroscope. You see the entire machine is quite 
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unelectrified. Now I turn the handle with speed 
sufficient to give about 2 revolutions per second, as 
we can verify by the help of a pendulum. Let the 
handle go suddenly—the chalk marks on the black 
oscillation measure show 52 complete revolutions 
before it comes to rest. You see thereby, in the case 
of this apparatus, how small is the friction, and, there- 
fore, the amount of work to be done, in comparison 
with that required by the frictional electric machine. 
Now I fasten to a support the small insulated 
proof-ball, which is connected with a paper electro- 
scope by a wire, in such a manner that it touches the 
sheet of paper p, (fig. 49a). Then I take away the 
Leyden jars (F, and F,), and hold the electrophorus 
cover charged with +E,’ with its under surface 
close to the sheet of paper p,, at the same time 
turning, with the left hand, the handle in the 
direction indicated by the arrow (fig. 49a). Please 
look at the electroscope. At first you see a slow, then 
an ever-increasing divergence of the leaves, and very 
soon they are horizontal. At the same time you hear 
a gradually increasing hissing, and now begins a 
rapid shooting over of sparks between the balls of 
the conductor. The experiment shows that the 
electroscope, and also the sheet of paper p, before 
unelectrified, has received an increasing charge of — E. 
If I approach my knuckle to the sheet of paper py, 
small crackling sparks shoot across, that is to say, the 
1 In practice the excitement of one of the sheets of paper is caused 
by placing an electrified ebonite plate on it, but the flint-glass rod 
or the electrophorus cover has a stronger action. As the ebonite 
plate has —H, then, of course, by charging with it, the opposite 


kind of electricity is generated in all parts of the machine as 
before. 
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originally weak +H charged paper sheet p, is also 
now much more strongly charged than before. The 
conductors placed opposite to the sheets of paper 
indicate the same kind of electricity—that is, K, has 
+E, and K, —E. While I now turn the handle 
slowly, I bring near to the surface of the rotating 
plate an electroscope with its conducting rod ending 
in a point, after having pushed the conductors to- 
gether so as not to be disturbed by the sparks. We 
see that the entire upper half of the rotating plate 
has —K, while the lower half indicates + E. 

You notice on the near side of the apparatus a The 
secondary conductor (q, fig. 49a), placed in front of ¢pexy. 
the rotating plate and fixed, but so loosely that it 
can be moved, to the ebonite axle of the fixed plate. 
When the machine is not in action the two collecting 
combs of the secondary conductor are so placed that 
one is exactly opposite the upper edge of the sheet of 
paper p,, and the other opposite the lower edge of the 
sheet of paper p,. While the machine is in full work, 
I push the secondary conductor just a little over the 
paper. Immediately the succession of sparks becomes 
more rapid, the effect of the machine reaches its 
maximum, and then, if the secondary conductor is 
pushed still further, it diminishes. What action does 
this secondary conductor exercise ? 

I discharge the machine by turning the handle 
backwards, and to ensure its discharge I run the flame 
of a spirit lamp over the whole length of the paper 
sheets. 

Now I take away the secondary conductor (q), move 
the main conductors (K, and K,, figs. 49a and 49D) as 


far away from each other as before, and endeavour in 
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the same way as before to put the machine in action. 
1 do not succeed. If, on the other hand, I push the 
main conductors towards each other until they touch, 
the machine is excited, and as the main conductors are 
moved slowly away from each other, a chain of sparks 
appears, only suddenly to vanish again, if the balls 
are pushed apart too far. With this—also when the 
conductors (K, and K,) are pushed together again—the 
action of the machine stops entirely, though it may 
again be started; but the conductor K, which was 
before positive, and the paper sheet p,, now exhibit 
—K, and, vice versa, K, and p, show +H. The 
machine has changed its polarity. 

From this it is evident that the secondary con- 
ductor (q) exercises some regulating effect upon the 
action of the machine. But what effect has it, at the 
beginning of the experiment, 2.e., when the apparatus 
is at rest ? 

I fasten the cover of the electrophorus by its 
insulating handle to a support in such a position that 
it is close to the sheet of paper (9), fig. 49a), and I then 
connect it by a wire with the positive conductor of the 
frictional electrical machine, the negative conductor 
being connected to earth. One of you will kindly 
turn the handle of the frictional machine slowly and 
regularly, so that I can turn the handle of the 
influence machine. Look, even though the chief 
conductors are pushed far away froin each other, the 
influence machine yields a stream of sparks, which 
becomes the more rapid the more quickly the 
frictional machine is turned, 2.e., the greater the 
quantity of electricity which is imparted to the paper 


sheet. But—and this must be noticed—the influence 
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machine working without secondary conductor does 
not, when acting alone, increase so well and spon- 
taneously the charge of the paper sheets. On the 
contrary, there is a continual loss of the electricity 
which is being generated. 

We gather from this that: the function of the 
secondary conductor is to wecrease the originally 
weak charge on the paper sheets and to maintain 
wt at ts maximum height. 

We will now try to make the process clear. The 
main conductors K, and K, are drawn apart. The 
paper sheet (9), fig. 50) receives at first a small charge 
of +E, and produces by in- 
fluence through the rotating 
plate + E in the collecting 
comb s. The +E is repelled 
and flows into the conductor 
K,, while the —E is attracted 
and, if the other plate is at 
rest, would entirely neutralize 
the +H of the paper sheet. 
As, however, the plate rotates, the —E which has 
come over to it is expelled before it can unite with 
the + E of the paper sheet. The upper part of 
the rotating plate is therefore charged with — E. 

The plate, now negatively electrified, binds + E 
upon its far side which is next to the fixed plate, and 
repels — EH, but gradually charges the paper sheet Pe: 
On the near side of the rotating plate, +H is again 
generated in the conductor K,. The like electricity 
— His repelled and flows into the conductor K,, while 
+ E passes over through the collecting comb s, to the 


rotating plate, and not only discharges it, but also 
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over-charges it with + E.’ This action is favoured by 
the fact that the paper sheet which is being charged 
with —E also attracts +E, so that soon more +E 
streams forth from the collecting comb s, than is 
contained in the part of the rotating glass plate just 
passing by. The lower part is therefore charged with 
+E. Now the secondary conductor (fig. 50, g) comes 
into action. Its collecting combs are at first exactly 
opposite the edge of the paper sheets p, and po, and 
are accordingly at a spot where the electricity of the 
rotating plate is still bound by that of the opposite 
kind in the paper sheet. On the other hand, in the 
upper part of the secondary conductor + E is taken 
from the continually moving negatively electrified 
part of the rotating machine, and acts by influence 
upon the rotating plate, the repelled +E of which 
passes on to the paper sheet »,, whose + charge is 
thereby strengthened. ‘That the part of the rotating 
plate opposite to this collecting comb is charged 
with bound —, is no obstacle to the action of 
points, which, as we have already seen, can act 
through insulators. In the same way, —E flows 
from the lower collecting comb on to the paper sheet 
2, by which it is more strongly charged. In the 


1 This phenomenon, according to Professor Arth. von Oettingen, 
can be shown in the following way: If we take a small ebonite 
plate and give it a weak charge of electricity by friction, when 
brought near a charged electroscope it shows — E. If a 
metallic comb with sharp, fine points is drawn close over the 
electrified surface several times, the plate shows a weak charge of 
+E. For this we require a sensitive electroscope; likewise the 
breadth of the ebonite plate must be less than the length of the 
comb. The effect is reversed if the ebonite plate is moved to and 
fro over the flame of a spirit-lamp or gas jet. 
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secondary conductor also a rapid flow of electricity 
takes place. If now the machine is charged strongly 
enough, a strong chain of sparks between the main 
conductors is emitted. Now the two main conductors 
assume the part of the secondary conductor, which 
we may press back a little way from the paper sheet, 
so that the entire stream passes through the main 
conductors. The part played by the secondary con- 
ductor is now merely to regulate the action of the 
machine, 7.¢., to hinder the oppositely electrified parts 
of the rotating machine from discharging themselves 
upon the plate itself, by doing which they would much 
weaken the action of the machine or might even 
occasion a change of polarity. After what has been 
said, it is clear that we—if the discharge of sparks in 
the main conductors by a too great separation of the 
balls is once interrupted and does not begin again 
when the conductors are brought near—must replace 
the secondary conductor in its original position, until 
the machine is again active. 

We have spent a long time on the influence machine. 
This apparatus is not only interesting on account of 
its Ingenious construction, but it also furnishes us 
with an instructive application of the law of influence, 
and offers us a source of electricity as convenient as 
it is of high tension (in the present machine a maxi- 
mum of about 60,000 volts) for our further researches. 

Whence now comes this quite unlimited supply of 
electricity, which the influence machine yields under 
continuous turning of the handle? 

At first—before the paper sheet became electrified Conversion of 
—we gave such a velocity of rotation to the handle ™°h@™! 


energy into 
that 2 revolutions were made in a second. After electricity. 
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letting go the handle, it made 52 turns before 
coming to rest. Let us examine this now, when the 
machine is in full action. You remark the handle 
makes, after one lets go, only 104 turns, that is five 
times less; also we now feel, if we turn the handle 
again, a much greater resistance than before, ze., 
we must now expend much more energy to turn 
the operating machine. We see from this that elec- 
tricity is generated by the work required to turn the 
machine. In this we have an excellent example of 
the conversion of mechanical energy into electricity." 

If I replace the electric jars (F', and F,) and connect 
their outer coatings with a metal rod (d, fig. 49a), you 
see the sparks succeed each other much more slowly, 
but they are more brilliant and stronger; at the 
same time you hear, when each spark appears, instead 
of a hissing a snapping sound. I draw the conductors 
slowly away from each other. You hear sharp 
reports and discharges, similar to the lhghtning-like 
crackling of a train of sparks. 

These artificial sparks grow to 26 cm. in length, 
as far as | can draw the balls apart. The machine, 
however, exhibits this strong action only when the 
atmosphere is quite free from moisture. You per- 
ceive, too, a peculiar odour, which becomes the more 
evident, the better the machine works: this is what 
is called ozone or ‘‘active oxygen.” It comes into 

1 This is the classical view of the phenomenon. But, according 
to the theories of M. Gustave Le Bon, now gradually coming into 
favour, electricity is but one of the stages which matter passes 
through on its dissociation and its way back to the ether. In 
this case we must consider the energy as stored up within the 
atom on its formation and released on its dissociation. Cf. 


L’ Evolution de la Matiére passim.— Ed. 
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being from every diatomic molecule of oxygen becoming 
split up, and forming triatomic molecules of ozone:— 


0,+0,+0, = 0, +0, 
Oo 
Porat. O 
: Sn = 0+0 
1.€. ret sh) vor, <) we 
—_—_— ———, 
oxygen ozone 


Ozone represents the more active form of oxygen. 

Before showing you, by the help of the influence 
machine, the action of larger quantities of electricity, 
I want to put it before you in the dark. Let us pull 
down the blinds and put out the 
electric lamp which before illu- 
minated the room. Look, please, 
at the rotating plate. You see 
beautiful blue tongues of flame 
where the +E streams from the 
collecting combs on to the plate; 
while, where the — E flows, there 
only appear small illuminated dots 
(fig. 51). You have in this a characteristic difference 
between the two electricities. I again take away the 
two Leyden jars, and the two balls from the conductor, 
so that the two blunt points are opposite to each 
other. If I now set the machine going, we see (fig. 
52) at the end of the positive conductor a glowing 
thread of about 2 cm. in length, which now bursts 
forth into branches and twigs, forming a beautiful 
brush discharge, as it is called; but on the negative 
conductor there is only a single spot of light. 

In connection with this, in order to show you a 
characteristic distinction between positive and negative 


electricity, I fasten to the conducting rod of a paper 
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electroscope (fig. 58) a horizontal wire, and suspend 
on the hook at its end a zine dise (m), which I 
have to-day freshly amalgamated and cleaned. Now 
I charge the electroscope with +H, ignite a piece of 


Fic. 52.—Electric brush discharge, natural size. 


magnesium ribbon, and hold it at a distance of about 
20 cm. from the zinc plate. No effect follows. Now 
I charge the electroscope with —E and repeat the 
experiment. Immediately the leaves fall together, 
which shows that the nega- 
@” tive electricity, under the 
| . influence of the magnesium 
a light, is immediately dis- 
pelled from the plate into 
the air, but not the positive. 
There must then be some 
= relation between the light 
——— - and this electricity. Recent 
Fic. 53. — Action of magnesium ‘ 
light upon a negative electric experiments have shown 
body, + natural size. : 
some actual connection be- 
tween the phenomena of light and electricity gener- 
ally, but they are as yet rudimentary, and we are 
far from the solution of this riddle.? 


' The phenomenon here described seems to be due to the ultra- 
violet rays. Their effect has been carefully examined by Sir Wm. 
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We will now perform some experiments with the 
help of the influence machine. 

I. This glass tube (fig. 54), pasted inside or out 
with a chain of lozenge-shaped bits of tinfoil winding 
round like the thread of a screw, is fitted at each 
end with metal caps. If I place this tube on the side 
arms of the main conductors in such a position that 
one of the metal caps (b) may be in connection with 
the conductors, and then set the machine in motion, 
we perceive a very pretty, brilliant serpentine line of 
light, especially if the two jars are again put in their 


Fic, 55.—Black and white 
4 natural size. revolving disc, ;'y natural 
size. 


places and the balls fitted to the conductors. The 
small sparks flitting about between the pieces of tin- 
foil give sufficient light to show up plainly every part 
of the machine. ‘This is Franklin’s luminous tube. 

II. To make the extremely short duration of the Duration of 
electric spark evident to you, I will illuminate with it ee 
a very quickly revolving disc, consisting of sixteen 
white and sixteen black sections (fig. 55). This I 
will, by clock-work, cause to revolve so quickly that, 


Ramsay and Dr Spencer in the Phil. Mag. for Oct. 1906, g.v. 
According to Dr Le Bon (L’Evolution de la Matidre, 2° ptie., 
chap. v.), the so-called negative leak occurs from positively as well 
as from negatively charged bodies. It is doubtful whether it is 
or is not caused by the emission of an emanation resembling that 
of radium,— Ed. 
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by day or lamp-light, its colour seems to be a uni- 
form grey. 

Let us again darken the room. At every flash of 
the electric spark the disc seems to be motionless, yet 
you hear by the humming noise that it is still 
revolving. It makes about 30 revolutions in a second. 
At any one point on the disc that we determine, the 
light and the dark interchange 32 x 30=960 times a 
second. During the life of a spark the progress of 
the plate is so small that it seems to be at a stand- 


Fie. 56.—Charging a large Leyden jar. 


still. More accurate experiments have given us the 
information that the duration of the discharge of 
an electric spark is in some cases an infinitesimal 
fraction, such as yp p595, of a second. 

Ill. Now let us charge the large Leyden jar. I 
connect both coatings by wires with the hitherto 
unused secondary conductors (N, and N,), fic. 56, and 
slide their tops up so that one touches the conductor 
(K,) and the other is about 15 cm. away from K,. 
When the machine is turned, sparks are emitted 
which we can count, so that they give us an approxi- 


ELECTRIC INDUCTION 


mate idea of the strength of charge of the jar. After 
25 sparks have been counted—and for this very few 
turns are necessary—I discharge the jar by the 
discharging tongs. You hear a report as of a pistol 
shot, and see a short but very bright spark.’ 

Still more remarkable is the action if we take a 
larger jar, or, what is still more convenient, several 
Leyden jars, to form what is called an electric battery, 
by connecting conductively together all the inner and 
outer coatings respectively of the different jars. In 
this manner we can increase the capacity of an electric 
magazine at will. In certain circumstances the 
discharging spark of an electric battery can pierce 
glass, melt wire, etc. Conducted to the human body, 
a battery discharge gives a violent shock which may 
even cause death. 

IV. Here you see two spiral wires fastened on two 
plates of ebonite or mica, 1 mm. thick, in exactly the 
same way. At the places where spiral No. I (fig. 57) 
begins and ends, two wires (such as are used for 
electric lighting) are connected which end in the metal 
handles (A, and A,). I place spiral No. I close to 
spiral IT (in fig. 57 withdrawn a little for the sake of 
clearness), and join the end of wire of No. II with the 
outer coating of a small Leyden jar and the other end 
with the discharger (A). If I now put the free end 
of the discharger to the Leyden jar ball, there springs 
across to the handle of the other spiral (brought 1-2 


1 By the shocks caused by these sparks, electric waves are set 
up in the surrounding dielectric (Hertz, 1888). In later times 
these have been applied to ‘‘spark telegraphy” or wireless tele- 
graphy by Popoff in Russia, Marconi in Italy and England, Slaby 
and Braun in Germany, etc. 
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mm. nearer) a spark, and a person grasping the handles 
feels an electric shock. This action of influence is 
called electric induction, and with it we shall have 
a good deal more to do later. 

When strong electrical discharges take place, 
similar inductive action takes place. If, for example, 
a spark is drawn from the strongly charged conductor 
of an electric frictional machine, a person standing 
near can feel an electric shock, without being directly 


Fic. 57.—Induction spiral, #; natural size. Distance of plates in 
experiment, 4-1 cm. Number of spirals, — 10. 


struck by the spark. This phenomenon is called 
the electrical return shock. The electric equilibrium 
of all neighbouring conductors is disturbed by the 
accumulation of larger quantities of electricity. The 
opposite kind is attracted and bound. At the moment 
when the influencing electricity disappears by dis- 
charge, the electricity of the neighbouring conductor, 
hitherto bound, joins with the hitherto repelled and 
similar electricity. In the conductor there arises in 


this way, in a certain measure, an electric wave 
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whose effect in strong discharges may be so powerful, 
as in the case of lightning, that men and animals may 
be killed by the electric return shock. 

V. We have seen that the work of turning the rotat- Conversion 
ing plate of the influence machine is expended partly ot eee 
in electricity (or more accurately in electric energy), 
partly in overcoming the friction of the axis and the 
driving band, and also in heat. We will now try to 
reverse this process, 7.¢., by electricity to generate work. 

I place another machine of similar construction in 
action, whereby (look- 
ing from the front) I 
charge not the lett, 
but the right side with 
+E. If I now place 
both machines with the 
front of one machine 
opposite to the front of 
the other (fig. 58), the 
like conductorsarealso —_Fie. 58.—Rotation of the plates of a 
opp osite each other. coupled influence machine. 
Please notice the direction in which the movable 
plate of No. II (the new machine) rotates, when 
I put it in motion. (A little piece of red paper 
eummed near the axis marks its movement.) Now 
I connect both similar conductors by two copper 
wires (d, and d,), and, to lessen friction, | remove 
the band from the coupled machine Il. Now I 
begin to turn the machine I, and soon a strong hiss- 
ing is heard, showing the machine to be working 
well. I give the movable plate of machine II a little 
push. You see that it begins to rotate quicker and 
quicker, but the reverse way to what it did before. 

io 
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I repeat the experiment and purposely push the plate 
of II in the other direction. It turns round and 
rotates again, that is to say, in the generation of 
electricity the plate of the coupled machine rotates 
in the reverse way to what it did at the beginning. 

If I wind a thread carrying a small weight round 
the driving wheel (¢, fig. 58) of the II machine, I 
can, by means of the stream of electricity, raise a 
weight, that is, convert electricity into mechanical 
work (Holtz, 1871).? 

How shall we explain this process ? 

Let us consider the 
rotating plate (fig. 59). 
The paper sheet to the 
right has +E, and the 
movable plate was at 
first turned in the direc- 
tion of the hands of a 
clock; therefore, the 
lower part of the plate 
was charged with —E, 
the upper part with +E.’ Now +E flows through 
the collecting comb of the conductor K’, (right), 
and through K’, (left) -E. Both collectors attract 
the unlike electric parts of the movable plate, and 
repel the like. The movable plate is, therefore, 
under the influence of two torsional forces, whose 
effect is joined; hence a slight push is sufficient to 


Original direction. 


Fig. 59. 


1 To show this instructive experiment, and explain the con- 
version of mechanical work into electric energy (p. 111), I 
employed the old pattern of the Holtz machine, and not one of the 
new, more convenient, self-exciting influence machines, because 
with the latter, perhaps on account of the friction of the metal 
brushes, these experiments are unsuccessful. 
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cause rotation, which must be in a direction opposite 
to the former. As in this case the charge of the 
part continually in motion is strengthened by the 
electricity added to it, the force of torsion must also 
increase, and hence the plate must rotate quicker 
and quicker, until by friction, loss of electricity, etc., 
a condition of equilibrium is attained, after which 
the plate continues its rotation as long as the current 
of electricity does not change. 

On account of the generation of electricity, the 
electrified parts of the rotating plate must have 
approached the like conductor, and therefore work 
had to be done against the electric repulsion ; 
immediately the variable parts of electric repulsion 
(and attraction) have to give way, and in this case, 
too, work had to be performed. Lvery electric 
pendulum, which is drawn from the position of rest 
by the electrified rod, is an example of this, yet the 
above instance is very clear. 

VI. So far we have examined the condition of The electric 
electrified bodies themselves. What is the electric *”* 
state in the neighbourhood of a charged body ? 

I clear all apparatus away and place one electrical 
machine on a side table. One conductor I attach to 
the earth wire; the other to a suspended silk thread. 
I also fasten a well-insulated wire to the insulated 
hollow sphere (K, fig. 60, p. 124), standing by itself 
on the table, or, what is still better, hanging by a silk 
thread. A lighted wax candle (/) is set in an ebonite 
stand (cf. experiment on p. 127). A platinum or iron 
wire (7) projects into the flame, and this is bound to a 
fine copper wire, leading to the conducting rod of an 


electrometer, the aluminium leaf of which is for this 
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experiment changed for a red paper one as before. 
The electrometer stands on a paraffin block, so that 
the case is also insulated; it may also be connected 
to earth or to a second candle. 

Now one of you will kindly turn the influence 
machine slowly and regularly. I approach the candle 
fastened to the electrometer to the electrified ball. 
You notice a divergence, which becomes continually 
greater the nearer the candle, the flame of which acts 
as a number of points (cf. p. 59) is brought to the 
ball K. This is always so, no matter from which side 
I approach. We thus see that the entire air space 
surrounding the ball has received a degree of electrifi- 
cation, which varies in proportion to the distance from 
the electrified body. The entire plane of operation of 
an electric body we will therefore call the electric field.’ 

Now observe the extent of the divergence, while 
I carry the flame round the ball, keeping as far as 


1 Accurate measurements show that the degree of electrifica- 
tion of a potnt in the electric field ts in inverse proportion to the 
distance. If the ball (K, fig. 60), with a radius r, is charged 
to the degree V, then a point at the distance (27) from the 


centre of the ball will have the degree Zee and one at a dis- 


d V 
tance n times as great the degree ais . 


If then we know the distance of a point from a ball, free all 
round and the radius and degree of electrification of which is 
known, we can determine also the degree of electrification of the 
equipotential surface passing through the point. Similarly, if 
the radius (7) of the ball, the distance (e), and the degree of 
electrification (p) of the point in space (here the candle-flame) are 
known, we can calculate the degree of electrification (V) of the 


ball (v = a) This puts us in a position to determine with 


fair accuracy the potential difference of our influence machine 
(see Appendix, 12, p. 390). 
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possible at an equal distance from it. The divergence 
remains constant, 7.e., the points in the space, which 
are equally distant from the ball, have the same 
degree of electrification. If we had used, instead of 
the ball, the conical conductor (fig. 14, p. 30), we 
should have been able to carry the candle round the 
cone in such a way that the divergence of the electro- 
meter would have remained the same, but the line 
described by the flame would have been a curiously 
curved one. This I cannot now discuss, as to do so we 
should have to overstep the limits of our elementary 
treatment of electrical phenomena. 

The points of the air space, which correspond to a 
particular degree of electrification, form, with regard 
to the electrified ball (K), spherical surfaces. Let us 
imagine these surfaces marked (a, 0, c, d, fig. 61, 
p. 125), then they form as it were surfaces of the same 
electric level; hence they are called equipotential 
surfaces of the same degree of electrification. 

We before saw (p. 50) that an electroscope only 
indicates really the difference between its own degree 
of electrification and that of its surroundings (2e., 
of its case). We can turn this to an interesting 
application. I place two lights, such as lighted 
candles of paraffin or stearine, on the table, and I 
envelop each one (near the upper end) in a spiral of 
well-annealed iron wire, the end of which (about 15 
em. long) I bend in the form of a half circle, so that 
it reaches the flame. To the other end, bent in the 
form of a loop, I fasten the conducting wire. I 
connect the conducting wire of one candle with the 
conducting rod of the paper-leaf electroscope, and that 
of the other candle with the binding screw of the 
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case. (In fig. 60 only one connection is given for 
the former experiment.) 

The distance of the candles from the ball is not the 
same. If the handle of the influence machine is 
now turned (its negative conductor being connected 
with the ball K), the electrometer exhibits a certain 
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Fig. 60.—Demonstration of electric equipotential, 7, natural size. 


gn as 


divergence. If the candle-flame connected with the 
electrometer is nearer to the negatively electrified ball 
than that of the case, the electrometer shows — E, but 
in the other case +H. We can now push the candles 
to such a distance away that the electrometer in- 
dicates a certain divergence, say, 1 unit of the scale. 
We can therefore state :—Between both these electric 
equipotential surfaces the difference of electric level 
=1: or, they have an electric gradient of 1. 
Accurate measurements have shown that equi- 
potential surfaces, which correspond to equal differ- 
ences of electrification, are the more closely packed 
the nearer they lie to the electrified body (a, b, ¢, d. 
fig. 61). These equipotential surfaces have attained 
lately a great importance for the theory of electric 
phenomena, and we shall meet thein again in atmos- 


pheric electricity. 
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VII. No doubt you know the beautiful magnetic 
lines which are formed when iron-filings are 
strewn on a piece of cardboard covering a_horse- 
shoe magnet, and a knock 
is given to it. These are 
called lines of magnetic force, 
because they indicate the 
direction in which the forces 
of attraction between the two 
poles work. 

Now | will show you very 
similar electric lines of force. _F1¢. 61.—Electric equipotential 
Into a flat cylindrical glass 
vessel (g, fig. 62) I pour, to a height of about 2 cm., 
refined oil of turpentine, containing no water, and 
shake into it a little sulphate of quinine or powdered 
carbon (cf. Appendix, 18, p. 391). Two little wires 
are fixed at either end, each terminating in a little ball 


Fig. 62,—A, Apparatus or the excitement of electric lines of force (from an 
English periodical) ; B, Electric lines of force; C, Electric lines of force cut 
at right angles by the equipotential surfaces. A, 7'5; B, $ natural size. 


dipping into the oil of turpentine, and the other end 
bent into a hook. I stir up the liquid with a glass 
stirrer to cause the quinine or carbon powder to distri- 


bute itself evenly in the liquid, and place the vessel on 
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a piece of cardboard, so that the powder in the liquid 
shows up clearly. Now I connect the two wires with 
the conductors of the influence machine and begin to 
turn it very slowly. Immediately you see the crystals 
of quinine group themselves and form beautiful lines 
(B, fig. 62), which represent the electric lines of 
force. The form of these lines reminds one of the 
brush-light of the influence machine (fig. 52, p. 114). 
Oil of turpentine is a bad conductor of electricity ; 
quinine crystals are half-conductors; the liquid 
nature of the dielectric surrounding the crystals gives 
them the power of obeying the forces of electrical 
attraction. Imagine equipotential surfaces drawn 
round each of the balls in the fluid (C, fig. 62), and 
you will find that the electric lines of force always 
cut the equipotential surfaces at right angles. If I 
place in the vessel a metal ring, of the same height 
as the turpentine, you will see little lines of force 
form in the hollow. 

Here I must break off, but must add that the 
study of magnetic lines of force in recent times is 
of great practical utility for the construction of 
powertul electric machines or dynamos. 


Accompany me now in thought upon one of the 
short wanderings I took during my stay in the 
country during the summer of 1890, in order to 
study atmospheric electricity. It is 10 a.Mm., and 
there is an unclouded sky and little wind. 

Our goal is an almost treeless heath, where neither 
building nor any other raised obstacle breaks the 
regular course of the equipotential surface of the 


earth’s electricity. An aluminium electrometer serves 
126 


A'TMOSPHERIC ELECTRICITY 


as measuring apparatus (LH, fig. 63), which differs from 
that hitherto used by us, by having a circular metal 
case. The scale is fitted on a mirror forming the 
back of the case, by which means the accuracy of 
the readings is increased. The electrometer can be 
screwed on an ebonite stand, having a brass socket 
(m,) at its end, into which fits a wooden staff (EL nito 
be fixed into the ground. A 
candle in a mica lantern (L) 
is screwed on to a similar 
ebonite support, so that when 
it is fitted on to a wooden 
staff a metre long, the whole 
can be raised up to a height | 
of 1-3 metres. Into the flame, 
as in the former experiment 
(p. 124), a platinum or iron 
wire! enters, which is con- 
nected with the electrometer 
by a fine copper wire (Cw). 
I hold the candle-lamp at the 
same height as the metal 
case, grasp the ebonite handle Boar eaiig EA eh 
of the wire, and touch with flame collector, 7 natural 
the end of the wire attached ~~ 

to the lantern the electrometer case, which thus 
receives the degree of electrification of the equi- 
potential surface in which the flame 1s now situated. 
Then I hook the wire to the conducting rod of the 
electrometer (without touching the case), and lift 
the lantern 1 metre higher than before. We soon 
obtain a divergence of 1°5 degrees—or, as 1 division 


1 Platinum wire is better, but dearer than the other. 
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on the scale =200 volts—of 300 volts (cf. p. 77). 
If I lower the lantern, the divergence of the leaves 
decreases and becomes zero when the flame reaches 
the level of the case. If the flame be now still 
further lowered, and is nearer the earth than the 
leaf, the electrometer again indicates a divergence, 
but —E, that is, as if the surface of the earth were 
charged with — E (cf. experiment on p. 124). 

I now raise the lantern 1 metre higher than before, 
1.€., above the level of the case. The divergence = 3'6 
degrees of the scale, 2.e.,720 volts. At 3 metres differ- 
ence in height it is 4°8 degrees =960 volts. On an 
average, then, the difference of 1 metre in height 


gives a difference in the degree of electrification of 


(300 + see = =) +3=326 volts. A test by means 


of a piece of sealing-wax shows that in every case 
the electrometer was charged with +H. These 
numerical values vary according to the place, the 
day, the season, and the moisture of the air. Still, 
almost always, when the sky is cloudless, there is 
a difference of electric level between the stratum 
of air and the earth, and indeed the higher the 
collecting flame of the ‘flame collector”? is raised 
above the surface of the earth, while the case 
is connected to earth, the greater is the charge 
received. The value got by us is comparatively small. 
According to more recent researches (Exner, Weber, 
etc.), the difference of electric level when the atmo- 
sphere is free from moisture, is in general 1300 


1 As collecting apparatus or accumulator, instead of the 
insulated flame, a jet of water is often used, which streams out 
of an insulated metal vessel, under equal pressure (water- 
collector). 
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volts for every 1 metre in height above the earth's 
surface. When the sky is clouded the electrometer 
usually shows —E, and during a storm it often 
exhibits a very variable charge of +E and —E. 

How shall we explain the rise of a storm, and 
particularly the huge accumulation of atmospheric 
electricity, when flashes of lightning 2 to 3 kilometres 
long are often seen ? 

According to an idea of Benjamin Franklin in the 
year 1752, kites were flown, carrying a metal point 
and connected with an insulated metal sphere by a 
wire twisted in the flying string. If one limb of a 
discharger connected to earth were brought near this 
ball, sparks of 1 metre long were obtained when the 
kites had mounted nearly as high as the storm-clouds. 
But by this means the large flashes are not explained. 

Let us think of the earth surrounded by an in- Rise of 
sulated envelope of air and swinging in space, as an pete 
insulated and strongly negatively electrified sphere ; 
then (not reckoning local elevations) the equipotential 
surfaces will also form spherical surfaces; and, as a 
matter of fact, the farther the equipotential surfaces 
are from the surface of the earth, the smaller is the 
degree of negative electrification. 

Let us again imagine a cloud of moisture, formed by _ 
evaporation from the sea (which has the same degree 
of electrification as the earth), raised to a height of 
3000 metres; then, under favourable circumstances 
or when 1300 volts represent a difference of 1 metre, 
the difference of electric level between clouds and earth 
would only be 1300 x 3000 or 3,900,000 volts." 


1 This example is borrowed partly from Pfaundler (Lehrbuch d. 
Physik und Meteorologie, ninth edition, 1890, iii. pp. 307-308). 
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Now, according to Warren de la Rue and Miller, 
a spark 3°4 mm. in length requires a difference in 
degree of electrification of 13,000 volts. This degree 
of electrification would therefore give a spark of 
38cm. But more recent researches have shown that 
in the case of increasing differences in the degree of 
electrification the corresponding spark lengths are not 
proportional, but that they increase quicker—how- 
ever, the length of lightning flashes, which may be 
several kilometres long, remains a mystery. 

In the case of storm-clouds, then, some other cir- 
cumstance must be at work, and this is probably the 
condensation of moisture, 2.e., the flowing together. of 
particles of moisture to form rain-drops (Humboldt). 

According to optical measurements, particles of 
moisture have a radius of about 0:001 em. If nowa 
million such particles flow together to form a drop of 
water of 0°1 cm. radius,and therefore 100 times as great 
then as we saw (p. 88), the electric capacity of this 
drop will only be 100 times greater than that of a 
single particle of moisture. The charge of a moisture- 
bubble multiplied 1,000,000 times is therefore dis- 
tributed on a body of only 100 times its capacity, 
accordingly the degree of electrification must increase 


ae or 10,000 fold. The high degree of electrifi- 


cation of the clouds is therefore generated only im- 
mediately before the lightning by condensation of 
particles of moisture. Still, the gigantic lightning 
flashes observed in a storm are not yet sufficiently 
explained.’ 


1 The electron theory opens new vistas, but the necessary 
researches have scarcely been set on foot. 
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The destructive effects of lightning are well known 
to you. Persons struck by it or by the electric return 
shock (see p. 118) are either killed or more or less 
injured. Buildings, trees, etc., are partly burnt, 
partly demolished; even walls are knocked down. 
The lightning flashes which do not ignite are called 
“cold strokes”; yet this name only expresses the 
occasional action of lightning, for it has been 
observed that the same lightning which has struck 
one building as “cold lightning” has set on fire the 
neighbouring one over which it passed. 

The idea of making lightning harmless by means 
of the action of points (p. 101), by neutralising the 
electricity of the approaching storm-cloud and con- 
ducting the striking flash to earth, is usually attributed 
to Franklin; but it appears to have been known to 
ancient civilised races, and at any rate the copper- 
covered masts and upright obelisks of some of the 
old Egyptian temples can scarcely be anything else 
than simple lightning conductors (see Appendix, 14, 
p. 391). 

Franklin’s lightning conductor consists of a metal 
point gilded or covered with platinum, which towers 
above the building to be protected, its action being 
at the same time helped by neighbouring points on 
other parts of the roof. All metal points, as also all 
greater masses of metal of the building (iron roofs, 
gutters, gas and water pipes, even if they are inside 
the building), must, where possible, have their points 
connected together and with earth by sufiiciently 
strong connecting bars of iron or copper. Especially 
no faults or weak spots must be present in the earth- 


ing, otherwise the first flash of lightning may cause 
131 


THE SCIENCE OF ELECTRICITY 


a fusion by which the conductivity will be interrupted 
and the entire lightning conductor will form a new 
danger for the house which it ought to protect. 

It must be assumed that the space protected by a 
lightning conductor is a cone whose point is formed 
by the point of the conductor, and whose section is 
a circle, with a radius equal to the height of the cone 
(rej). 

Thus we have made the acquaintance of all the 
important phenomena of static electricity, and may 
now attempt—upon the basis of the experience gained 
—to inquire into the nature of the degree of electrifi- 
cation and form for ourselves an idea of the electro- 
static units of measurement. 


132 


CHAPTER VI 


Hydrostatic and electrostatic phenomena. Meaning of electric capacity. 
Relation between the electrical capacity of spheres and their radius. 
Unit of capacity. Relation between quantity of electricity and 
capacity, as also between degree of electrification and capacity. 
Proof of these relationships in negative electricity, and by the 
charging of two bodies with like electricities. Deduction of the 
meaning of the absolute or electrostatic unit. Practical unit of 
quantity (the Coulomb), Deduction of the meaning of Potential 
Unit of electrical potential. Practical unit of this (the Volt). 
Store of work of an electric conductor. 


We have now reached in our wanderings a plain 
where we can rest awhile, and from a higher point 
of view cast a glance over the way we have travelled. 
Not without difficulties has been the path. Ofteu 
did our goal seem almost within our grasp, when we 
discovered that the way entered upon was not the 
right one. The phenomena observed seemed to us, 
at first sight, so easily intelligible, that we thought 
we could explain them immediately, only later on to 
meet with contradictions, which forced us to change 
our first view and form another, which itself turned 
out to be only an approximation to the truth. | 
remind you, for example, of the explanation given of 
the electrification of an unelectrified body by contact 
with an electrified one. 


) 


or degree Degree of 
electrifica- 
tion. 


When treating of “ electroscopic state’ 


of electrification, we gained a knowledge of the 
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mode in which an insulated electrified body acts, 
when it is conductively connected to an electroscope 
or electrometer. When graduating the electrometer, 
we saw that the degree of electrification of a body 
constantly increased in proportion to the number 
of charges, as also with the quantity of electricity 
supplied, and we noticed the same fact with regard 
to electric density. The experiment with the conical 
conductor (fig. 16, p. 26) proves that electric density 
depends upon the contour of the surface under con- 
sideration ; and that, in one and the same body, 
when the contour varies, the value of this density 
also varies considerably, and that in the interior of an 
almost entirely closed conductor it is zero. The degree 
of electrification, on the other hand, is constant both 
over the whole conductor and in its interior. Hence 
it follows that the degree of electrification is alto- 
gether distinct from density. 

On p. 86 a new notion, that of electric capacity, 
was brought under our notice. To inquire into the 
connection of the various conceptions of electrical 
magnitudes : quantity of electricity, capacity, degree 
of electrification, and density, and to establish the true 
standard of measurement of the degree of electrifica- 
tion, will be our present task. 


Before giving ourselves to the study of electrical 
measurements, I will try, by means of a_ well- 
known example taken from the domain of hydro- 
statics, to show you what the real nature of the 
question is. 

You see here (fig. 64) two glass cylinders of the 


same size, joined together at their bases by a pipe, in 
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the centre of which is a tap (k) which may be 
opened or shut, the communication between the two 
being thereby established or broken at will. 

The lower orifices of the two vessels are closed by 
rubber stoppers, into which glass tubes are inserted, 
connected by rubber tubing to the middle tube, in 
which the stop-cock (f) is placed. 

Closing the stop-cock, I fill both vessels with 
coloured water, so that the level in the vessel A is 
10 cm. higher than that in the vessel B. The capacity 
of both vessels is equal; the quantity of water (and 
with it the water level) for the moment wn-equal. If 
I now open the stop-cock, water 
flows from A to B until both vessels | 
have the same level or show the {f= | 
same degree of fulness (m, fig. 64). “==: | i an, 
By this operation, the level of the jj== 
water in A has fallen 5 cm., and fic. 64.—Communicat- 
in B it has risen 5 cm. ing vessels of water. 

If the vessel A before had a degree of fulness, and 


B, 6 degrees, then after connection both would have 
(a+b) 


the degree of fulness m or 


What would happen, supposing both vessels were 
of different capacities? I replace the vessel B by a 
cylinder of twice its internal diameter (7.e., four times 
greater base surface). Opening the stop-cock, | pour in 
water, and on both cylinders I paste a centimetre 
scale, so that the zero-point (0 — 0) coincides with the 
water-line (fig. 65, p. 136). 

Let us now compare the capacity of the two Comparison 
vessels. With this object I close the stop-cock, and een 
with a dipper pour water into A, until the level has 
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risenlcm. Exactly five dippers full are required,’ but 
nearly twenty dippers full, or nearly four times as 
many, are required to raise the water to the same 
level in B, that is to say, B has a capacity four times 
as great” as A. When the water reaches the same 
degree of fulness or water-level, B accordingly con- 
tains an amount of water four times as great. Hence 
we get: 

I. When the degree of fulness of two cylindrical 
vessels is the same, the amounts of water vary as the 
capacities. 

Now, opening the exhaust tap (R), fig. 66, I let 


Fic. 66.—;, natural size. 


water flow through k, until the level in both vessels 
is again opposite zero, and then shut the connecting 
stop-cock (A). With a dipper just ten times as large 
as the other one used, I pour into both A and B 
respectively 10 measures, which correspond, therefore, 
to 100 measures of the smaller dipper. You see 
that in A, the level of the water is 20 em. above 


‘ In previous experiments the zinc dipper was cut down to such 
a point that exactly five dippers full were required to cause a rise 
of the column of water in A of 1 cm. 

* It must be distinctly understood that by capacity we do nor 
mean the maximum amount of water which a vessel can take (that 
is volume), but the quantity of water necessary to reach a particular 
degree of fulness. 
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zero,and in Bonly 5cm. The degree of fulness of A 
and B varies accordingly as 20:5=4:1; but the 
capacities vary as 1 : 4—that is to say: 

Il. When the quantities of water in two cylindrical 
vessels is the same, the degrees of fulness vary inversely 
as the capacities of the vessels. 

What happens now if we open the stop-cock (XK) ? 
The height of water becomes the same in both vessels, 
namely, 8 cm. (fig. 66); and at the same time the 
degree of fulness has decreased 20 —8 or 12 cm. in A, 
and increased 8—5or3cm.inB. Nowas12:3=4:1, 
they stand inversely as the capacities. We can there- 
fore say : 

IIL. Lftwo cylindrical vessels have a different degree 
of fulness, then after connection they have the same. 
The differences of degree of fulness in comparison 
with ther former condition vary inversely as the 
capacities of the vessels. 

I have purposely used the words degree of fulness 
instead of “height of water” to remind you of the 
similar expression, degree of electrification. 

At the beginning we remarked that the vessel B 
had an inside diameter twice as great as the vessel A, 
therefore B has a base measure four times as great 
and—as we found by measurement—a capacity four 
times as great as A. In cylindrical vessels, then, 
the capacities vary as their base surfaces. If both 
cylindrical vessels have a like water-level, then the 
quantity of water in each vessel is equal to the surface 
of the bottom multiplied by the height of the water, 
or, to give it in our own phraseology : 

IV. Quantity of water = capacity x degree of ful- 
ness. 
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Let us now return to our electrical experiments. 
We will repeat a few of our earlier ones, using, how- 
ever, instead of our paper electroscopes, two aluminium 
electrometers, graduated in the same electric units, 
and therefore registering the degree of electrification 
on the same scale. Hence if the two are conductively 
connected by a wire and then charged (when they 
must receive the same degree of electrification), they 


will indicate, on the scale, exactly the same degree 
of divergence. 

As source of electricity we shall make use of the 
large Leyden jar already employed (fig. 67). Its 
conducting rod is connected to a paper electroscope 
by means of a thin, uncovered copper wire. The 
large scale of the electroscope will indicate to us, as 
the jar is being charged, the increment of free 
electricity on the inner coating, and enable us to 
perceive whether, during the experiment we are going 
to describe, the charge of the jar has remained 


unchanged. 
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I now screw upon both electrometers hollow balls, 
each of a radius= 5 cm.” 

With a proof-ball or a small block of lead fastened . 
to an ebonite holder (0, fig. 67), I touch the ball of 
the jar charged with +E and transfer the charge 
of the proof-plane to one of the electrometers by 
touching the inner wall of the hollow ball. We 
notice a divergence of 1°3 units. By alternately 
touching the outer and inner coatings of the jar, 

I can manage to diminish the charge so that 
one charge of the proof-plane causes the divergence 
a@,=1 unit.’ 

Since, as we remarked recently (p. 89), the capacity 
of our electric jar is very great, the loss of electricity 
occasioned by touching it with the lead block is 
infinitesimal, All the separate charges taken by the Similar 
plate over a fairly long time may then be considered degree ONG 
as exactly equal. Mon. 

To be able to revise our experiments more easily 
we will number them. 

I. What happens if we connect two bodies of the 
same degree of electrification ? 

To each ball I give four charges (4L), and connect 
the two by an insulated wire (d, fig. 68). No change 


1 Strictly the balls ought to be insulated and connected to the 
electrometers by a fine long wire; still, for our experiments, the 
metal case of the electrometer is a sufficient protection against 
any disturbing influence action on the leaves. 

2 For this object the earth wire is unhooked and the Leyden 
jar placed upon an ebonite plate. While the proof-plane is 
touching it, the outer coating must be connected to earth by 
touch. The block of lead is chosen instead of the proof-ball, 
so that, by paring down its edges, the adjustment of the charge 


may be facilitated. 
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of divergence follows. I repeat the experiment, 
giving still larger (and similar) charges to the electro- 
meters. You see the result is always the same, ze., 
if two bodies have the same degree of electrifica- 
tion, no electricity 
passes from one 
to the other. We 
can therefore infer 
that: Two bodies 
have the same de- 
gree of electrifica- 
tion when, being 


Fig. 68. —Electrometers conductively connected, conductively con- 
zy natural size. 


nected, no electri- 
city passes from one body to the other. 

II. What happens in the case when two bodies of 
unequal degrees of electrification are conductively 
connected ? 

Suppose I give one electrometer eight charges and 
the other two (fig. 69). 
If I connect the hollow 
balls, the two electro- 
meters show a mean di- 
vergence of 5 (in fig. 69 
the divergences are indi- 
cated by dotted lines). 
We gather from this that, 
if two bodies have differ- 
ent degrees of electrification, after being conduc- 
tively connected they exhibit the same degree of 
electrification. In this case electricity flows from 
the body having the higher degree of electrification 
to the body having the lower degree. The total 
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CAPACITY 


amount of electricity is unchanged. Before being 
conductively connected it was 8L+2L or 10L; after 
connection it was 5L+ 5L or 10L. 

So far we have had bodies of exactly the same 
form and size, and of equal capacity. 

What will happen in the case of bodies of unequal 
capacity ? 

IIL. I screw upon the electrometer A a large hollow 
sphere* of 10 cm. radius—that is, twice as great as 
that on B—and give each ball one charge. The diver- 
gence in A is 0°5, but in B 
it is 1, u.e., the degrees of 
electrification are in the 
proportion 0°5:1=1.: 2. 
If I give A another charge, 
making, together with the 
first, two charges, then A 
shows the electrical state 
to be 1, and when A and 
B are electrically connected 
no change in the amount of electrification appears 
(fig. 70). 

If we call the quantity of electricity which is Meaning of 
necessary to charge a body up to the first degree of oe 
electrification or 1°, the electric capacity of the body,” 


it 
Ly 
(one 
a] 
‘of / 
Sof ‘ 
See 


11, 


Fie. 70. 


1 For this experiment we might have taken differently shaped 
hollow bodies, for instance, cubes of cardboard covered with tin- 
foil, yet balls have the advantage that they hold electricity 
better, and also that their capacity is in a simple ratio to their 
radius, as we shall see immediately. 

2 Recently (pp. 87, 88) by capacity we understood that quantity 
of electricity which would have to be withdrawn from the charged 
body to diminish its degree of electrification by 1 unit; now we 
mean the quantity of electricity which is necessary to raise the 
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we see that the necessary quantity of electricity in 
our balls is E, : E,=2L:1L or as 2 : 1, and likewise 
the ratio of the radii of the balls is 7,:7,=10 
cm. :5 cm. or as 2 : 1—that is: 

The electrical capacities of two balls are propor- 
tional to their radia. 

If, finally, we take as our unit the capacity of a 
ball of 1 cm. radius, then balls of 2, 3, ... em. 
radius will have a capacity of 2, 3, . . . units, ze., 

Lhe capacity of a ball 1s measured by the length of 
the radvus in centimetres, or, shortly : 


C=r. 3 (1)? 


According to this, our 5 em. ball has a capacity 
C=5, and the 10 em. ball a capacity C= 10. 

Now we found that the capacity of our great 
electric jar, which is our present source of electricity, 
was 259 greater than that of a ball of 10 em. radius ; 
then the capacity of the jar is 259 x 10 = 2590, that 
is to say, the capacity of our electric jar is just as great 
as that of a free ball of 2590 cm. radius, or 51°8 m. 
diameter, as has been already calculated (p. 89). 


How does the degree of electrification of a body 
depend on its capacity ? 


degree of electricity 1 unit (more accurately to charge it from 
0 tol). This is in the main the same. It must be remembered, 
once and for all, that capacity does not mean the maximum charge 
which a body can receive. The amount of the electric charge 
receivable by an insulated body depends upon the nature of its 
surface, on the transient insulation of its supports, and on the 
condition of the surrounding air—it is therefore undetermined. 

1 More accurately C=kxvr where & is a constant, depending 
on the chosen unit of electricity and the degree of electrification 
(cf. note 2, p. 159). 
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IV. We have already seen, that, in order to 
electrify the large ball with capacity = 10, up to the 
same degree 1, as the small ball of capacity =5, a 
charge twice as great was required (cf. fig. 70). I 
again repeat the experiment. You see that to keep A 
and B up to the same degree of electrification : 


A requires 2 charges, B, 1 charge 


tee ie Pansy, B, 2 charges 
A bD) 6 9) B, 3 9 
etc. 


Hence we gather finally: “  ™ 

When the degree of elec- : 
trification of two bodies is 
the same, the quantities of 
electricity are proportional 
to their capacities. 

HE, =6, 2 C2500) 

If, as in Experiment III, 
we give to both bodies 
equal charges, namely 1, then the electrometer 
connected to the large ball indicates only 0°5, the 
other 1; hence, when the quantities of electricity are 
the same, the larger ball receives a lower degree of 
electrification. 

Now I give each ball 6 charges (fig. 71). You 
see, in A the divergence = 8, in B=6, z.e.: 

When the quantity of electricity of two bodies is 
the same, their degrees of electrification vary as 
thew capacities. 


Fic, 71. 


ea ed Ge : ; A (3) 


If now both bodies are connected conductively, then 


both -electrometers exhibit the degree of electrifica- 
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tion which may be stated as 4 (indicated by dotted 
lines, fig. 71). In this case the smaller ball B has 
given 2 charges to the ball A, for its degree of 
electrification fell from 6 to 4, 2.e., 2 units, while 
the degree of electrification of A—on account of its 
double capacity—fell from 3 to 4, 2¢., only 1 unit. 
We see, therefore : 

If two balls are placed in conductive connection, 
they receive the same degree of electrification; in 
comparison with the former degree of electrification, 

Differences the differences of the degree of electrification here 
oF tne Cer’ cynnearing are inversely proportional to the capacities 
fication. = of the two bodies. 

We see that these electrostatic laws so far are in 
full agreement with the hydrostatic laws observed 
before. It is only necessary to substitute for “degree 
of fulness,” the expression “ degree of electrification,” 
and for ‘‘ quantity of water,” ‘‘ quantity of electricity,” 
in order to make use of the laws which have been 
discovered for electrical phenomena. We observed 
that 


Quantity of water = surface x height of water, or 
3 is = capacity x degree of fulness. 


Does this law also hold good in electricity ? 

In an earlier experiment with regard to the charge 
of the Leyden jar used as source of electricity, we 
so arranged that one charge of the proof-ball gave to 
the 5 cm. ball exactly 1 degree of electrification. 
But as this last ball has a capacity of 5, then each 
charge (L) of the proof-ball comprises 5 electrical 
units, such as those with which the electrometer was 
graduated. There is now (cf. fig. 71). 
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Ball A. Ball B. 
Capacity C,= 10 C,=5 
Quantity of electricity E,=6L= 30 units 


E, = 6L= 30 units 
Degree of electrification V,=3 V,=6. 


The degree of electrification in A is 


30 &E, 
Vi= Age 
and in B 
eae ee 
5 b 


that is to say, 
Quant. of elect. 


E 
Capacity ; therefore Mare (4) 


Degree of electrification = 


Hence follows the important ratio : 


Quantity of elect. = degree of electrification x capacity 
or E=VxC : ; (5) 
quantity of electricity 


Ron reely. eS ~ degree of electrification 
E 
or C = Vv = . . . ° / (6) 


Since we have no sense for the detection of 
electricity, we cannot be directly aware of the 
presence of any quantity of electricity in a charged 
body, much less any measure of it. We are, there- 
fore, obliged to find some indirect means of informa- 
tion. We must observe the visible effects which an 
electrified body causes—such as the repelling force 
it exercises upon a small body of known weight 
charged with like electricity,—and hence draw an 
inference as to the amount of electricity of the 
repelling body. Before we enter upon this we 
will spend a few moments longer over our last 


experiments. 
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So far, we have only employed +E to charge the 
balls connected with the electrometer. It is evident 
that a corresponding charge of — E with regard to its 
numerical value will yield the same result, if both 
balls are charged with similar electricity (—E), but in 
this case we must simply mark the degree of 
electrification as — Y. 

In our two similarly constructed paper electro- 
scopes we before found (p. 18) that equal quantities of 
+ E and — E neutralise each other (+ E and -E=0). 

I screw once more upon the electroscope the 5 cm. 
ball, so that the capacities of both balls are equal, 
and by influence charge one with +E and the other 
with —E, to the same degree of electrification. As 
the capacities are equal and they have the same 
degrees of electrification, but of the opposite kind, 
the absolute quantity of +E must equal the absolute 
quantity of — EH: therefore when both balls are placed 
in conductive connection the degree of electrification 
will be zero. This is really the case. 

If I now give A 10 charges +E with the proof- 
ball, then the degree of electrification +Z=10. 
By influence I charge B with —H, so that the degree 
of electrification will be — Z= 4, 1.e., 4 charges of 
—K. If I connect the two balls by an insulated 
wire, the 4 charges of — E will carry off 4 charges of 
+H. There remain accordingly (10 — 4) or 6 charges 
of + E, which distribute themselves, on account of the 
equal capacity of the balls, uniformly over the two, 
and therefore each ball will have 3 charges, and 
receive the degree of electrification Z=3. You see 
that also happens in fact. 


1 Of. p. 139. 
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If, therefore, insulated conductors are charged with 
unlike electricity, after being placed in conductive 
connection, they exhibit a total charge corresponding 
to the difference between the charges. Whether the 
remaining charge is + or — depends naturally upon 
whether the quantity of + E or —E was greater. 

According to the law established to-day, this 
remainder must distribute itself upon the electrically 
joined bodies in proportion to ther capacities. 

Hence we infer that all the quantitative ratios 
found by us, between positive electricity, as to 
quantity of electricity, degree of electrification, and 
capacity, apply also to negative and to unlike kinds 
of electricity. With this we have finished the first 
part of our present task, and we will now proceed 
to find a standard of measurement for the unit of 
electricity. 


When graduating the electrometer we were careful 
always to apply equal quantities of electricity to it, 
but learnt nothing as to the magnitude of this 
arbitrary unit, a.e., the unit quantity of electricity. 
To determine this is now our task. We learnt that 
the force of electric repulsion between two like— 
or the force of attraction between two unlike— 
electric bodies was proportional to the charge, and 
therefore to the quantity of electricity (p. 55). 
Accordingly, the force of electric repulsion in the 
same bodies may serve as measure of the quantity of 
electricity. If we succeed in measuring the force of 
repulsion by the known force of attraction of the 
earth, then we shall have discovered the desired 


measure, 
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The force with which a small electrified body, at a 
fixed distance from another charged with the same 
quantity of electricity, is repelled, is of course equal 
to the force necessary to keep the movable body in 
this position, for only then can equilibrium result. 
This gives us the power of solving our problem. 

You see hanging from two hooks in the ceiling 
_ fine silk threads to which 

a small plate of lead (p), of 

exactly + gramme weight 

is fastened (A, fig. 72). 

| Another exactly similar 
lead plate (q) is fixed 
to an ebonite stand, so 
l that when p is in a posi- 
B tion of rest it touches g. 
With an ebonite rod I 
push p a little aside and 
electrify g. If I now allow 
p to fall slowly back, it 
9 / touches q and receives the 

same degree of electrifica- 

swear Apreaepane tion (on account of having 
' the same capacity), as p, 

and also the same quantity of electricity. If I gave 
q two charges before, then p and q have one charge 
each. According to the law of repulsion of two 
similarly electrified bodies, » is moved away and so 
somewhat raised up (B, fig. 72). In this position the 
pendulum »p is under the influence of two forces: the 
force of electrical repulsion a and the force of gravita- 
tion g, which endeavours to pull back the pendulum 


to its position of rest, that is to say, the component k 
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force of gravitation =the component a force of elec- 
trical repulsion.’ Evidently k forms a particular 
fraction of the whole force of gravitation g, which 
depends on the length of the thread (/), the angle of 
divergence (a), and the weight of the pendulum, and 
may be calculated therefrom (Appendix, 15, p. 392). 
We can arrange the length of thread and the 
weight of the pendulum in such a manner that when 
the pendulum makes a deviation of 1 cm. (the distance 
from the centre of the plate), the force which the 
pendulum (9, fig. 72) exerts in its endeavour to return 
to its perpendicular position forms a certain fraction 
of the force which the earth exerts upon a body of 
1 gramme in weight, and which is known in mechanics 
as the “‘dyne”’ or unit of force.’ Dyne. 
That quantity of electricity which must now be 
given to each of the two plates p and q to cause a 
deviation of 1 cm. from the perpendicular, makes 
equilibrium by means of the force of electrical 
repulsion and is therefore called the absolute unit 
quantity of electricity. For a pendulum 1 gramme 
in weight the length of thread necessary is 9°81 
metres or 981 cm., and with it the unit of force ‘1 
1 It is understood that both electrified bodies are uninfluenced 
by any neighbouring bodies. 
* The dyne is the force which, acting upon a mass of 1 gramme 
for one second, would give it an acceleration of 1 cm. (1 gramme 


mass = 1 cubic centimetre of waterat 4° C.). Since the earth gives 
to bodies falling freely a velocity g of 9°81 m. (Eng. 32 feet per 
] 
98] of the 
strength with which 1 gramme mass is attracted to the earth, or 
a weight of 1:02 milligrammes at the surface, more accurately 
stated, in Paris, 45°°50’ Lat. [Cf. Lucien Poincaré, The Evolu- 
tion of Modern Physics (Eng. ed.), chap. ii— Ed. | 
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dyne” will cause a deviation from the perpendicular 
of 1 cm. If we now give each body p and qg such a 
charge that the deviation is exactly 1 cm., then each 
body has the absolute unit quantity of electricity, 
also known as the electrostatic unit. 

The electrostatic umt 1s accordingly that charge 
which exerts upon another charge of the same 
magnitude at a distance of 1 cm. a force of repulsion 
equal to 1 dyne. 

Thus we have found the required unit quantity of 
electricity. Yet this unit is for many measurements 
(as those, for example, in galvanic electricity) very 
inconvenient, on account of its smallness, because by 
it very high numbers are obtained—for example, with 
a stick of sealing-wax, several hundred electrostatic 
units can be got by merely rubbing it gently with 
fur. In dynamic electricity, which you will study 
shortly, a practical unit quantity of electricity has 
been established, called ‘‘1 coulomb,’ in honour of 
the celebrated physicist Coulomb. This practical 
unit contains 3000 millions of electrostatic units, 

1 coulomb = 8 x 10° electrostatic units. 


In order to get a clear understanding as to what 
1 coulomb represents, imagine each coulomb of like 
electricity at a distance of 1 kilometre from the next. 
Then the force of repulsion would be 900 kilogrammes.’ 


1 According to the law of electrical repulsion, p. 63, the force 
of repulsion 
=f Now e=e =3x 10°; 
r 
1 kilom. = 10° cm. 
1 kilog. = 10° x 981 dynes 
ret) CAO St 90,000 eae 
“= (1057 10°x 981 9811! BE 
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We will now endeavour to establish for the degree 
of electrification, a similar standard of measurement 
as for the quantity of electricity. 

At the beginning of this chapter we made use 
of the communicating vessels (fig. 73), by which we 
determined the height of the water-level in centi- 
metres—that is, in lineal measure. 


; : fli: ‘ i \ d 
eh Se BE a oo ar Ree 
jie is zo eS, ss aA, 


a EF 


a = =i 


Fia. 73, S: 


But we might have measured the difference of level 
in another way. 

Here you see (fig. 73) a high glass cylinder, with 
four openings at the side, of exactly equal size (a, b, 
c, d); the inflow of water can be so regulated by a 
stop-cock, that the water-level in C always remains 
constant. 

You, of course, understand that the velocity of out- 


flow, therefore also the force of each stream of water, 
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is greater in proportion to the height of the water 
above the outflow pipe. The mechanical energy 
which the water flowing from a, b, c, d, in the same 
times could expend—indeed each stream immediately 
on its exit could turn a small mill—will only depend 
on the height of water, or, as we said, the “ degree of 
fulness,” and not on the quantity of water in the vessel 
C; that is to say, if we take a vessel twice as broad or as 
small again, but having the positions of the openings 
a, b, c, d, unchanged with regard to the height of 
water, then the streams of water a’, b’, c’, d’, will 
still remain unchanged. The work which each of 
these jets could do is, therefore, a 
measure of the height of water above 
A the openings in question. How great, 
then, is this work 2 
Let us imagine that in the outflow 
pipe of a vessel (A, fig. 74) there is 
inserted a piston (k), which is able 
to move in the horizontal tube with- 
out friction; then the piston, by pressure of the 
column of water oh =f, will be pushed towards the 
opening, unless we stop it by means of some counter- 
pressure. The required counter-pressure in this case 
must be, of course,—for if the piston is at rest, 
equilibrium between the two forces must result— 
equal to the pressure of the column of water oh =f, 
and therefore equal to the height of water (f) x the 
cross-section of the piston. From this it results that 
the force we must expend in holding the piston in 
its place must be in direct proportion to the height 
of water. If we take away the counter-pressure, the 


piston will be forced towards the outside, and in 
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doing this work must have been done. Exactly this 
same work must we now do against the pressure of 
the water to push the piston back along the same 
length. 

Let us suppose that the vessel (A, fig. 74), as also 
the outflow tube and the piston (x), have the same 
cross-section g or1sq.cm. If we now push the piston 
1 cm. in the direction of the water-pressure, then 1 cubic 
centimetre =1 gramme of water is pushed into the 
vessel A, and the entire column of water oh = f (which 
is fem.) will be raised 1 cm. The water-column f 
contains f grammes of water. Now, according to the 
laws of mechanics, the work necessary to raise f 
grammes 1 cm. high is just as great as the work we 
must do to raise 1 gramme to the height of f cm. 
Or, in our case, the work which is required to raise 
jf c.cm. of water in the vessel A 1 cm. is equal to 
the work necessary to raise 1 ccm. to the height of 
the column of water oh =f The resistance which 
we have to overcome in this instance is the attrac- 
tion which the earth exercises on 1 c.cm. of water 
(z.é., on the mass 1). The work necessary to raise 
1 ccem., ue, the unit quantity of water, against 
gravitation from the surface of the earth to the 
water level, we can now make use of as the unit 
of measurement for the level of the water. 

If we take two vessels of water A and B of different 
degrees of fulness, then we can express the difference 
of level (a—b) in two ways :— 

1. In lineal measure, e.g., in centimetres, or 

2. According to the measure of work, 7.e., by the 
work required to raise the unit quantity of water 


from a lower level to a higher one. This mechanical 
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- Meaning of measure of work of the difference of level is called 


potential. 


the potential. 


You will ask, and rightly too, why we have taken 
such a troublesome path to measure the difference of 
level, when in the lineal measure we already possessed 
a practical and convenient means. 

You saw that an insulated, electrified ball K (fig. 61, 
p. 125) generated in the surrounding air an electric 
field, the intensity (degree of electrification) of which 
we can determine at particular points with the help 
of the electrometer. As calculation shows, the degree 
of electrification of a point in the electric field is in 
inverse ratio to the distance from the centre of the 
ball. We were able to convince ourselves by experi- 
ment that equipotential surfaces of equal degree of 
electrification surround the electric body, and that, 
for like differences in the degree of electrification, the 
differences of the equipotential surfaces in question 
became smaller, the nearer we brought the collector 
to the electrified ball. It is quite clear that it would 
be impossible to employ a lineal measurement for a 
case of this sort. 


Let us suppose that there is in this electric field 
a very small insulated ball charged with the unit 
quantity of electricity of the same sign, then in the 
various equipotential surfaces it will be repelled with 
varying force from the ball (K, fig. 61). If we are able 
to determine the mechanical work necessary to force 
our proof-ball (with the charge = 1) against electrical 
repulsion from one particular equipotential surface to 
the next higher one de one lying nearer the 
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WORK AND ELECTRIFICATION 


ball K), in this work we have found a measure for the 
difference of the electric levels in question. 

As the meaning of mechanical work has been 
accurately defined, with it we also get the required 
mechanical measure of work for the difference of 
electric level (electric potential). 

Our task is now to establish the kind of earl to 
be done and the unit of work to be chosen. 

If we connect each of the hollow spheres A and B 
(fig. 75) with the inner coating of a large Leyden jar, of 
which the outer coating is con- 
nected to earth, on account of 
the great capacity of the jar, 
and the trifling withdrawal of 
electricity, each of the spheres 
A and B will keep their 
degree of electrification un- 
changed. In this case the de- 
gree of electrification A will 
be greater than that of B. 

If we hang by a silk thread the insulated disc-like 
pendulum (p), which is charged with the unit quantity 
of electricity, between both balls, then it will be re- 
pelled by both, but on account of the preponderant 
attraction of A, it will be driven from A to B by 
the force corresponding to the difference of degree of 
electrification V,—V.. If we allow the pendulum to 
move from A to B, it will perform a certain amount 
of work ; vice versa, in order to move the pendulum, 
charged with a unit of electricity, from B to A— 
therefore against electric repulsion—a certain amount 
of work exactly equal to the former in magnitude must 
be done. Let us imagine the degree of electrification 
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of the ball B to be lowered from V, to V’,, then the 
difference of degree of electrification V,—V’, will be 
greater than V,—V, was before, that is to say, the 
force of repulsion of the ball A in comparison with B 
will be greater, as also the work which we must per- 
form to transfer the unit quantity of electricity from 
Bto A.t We see also that the work which is necessary 
to transfer the unit quantity of electricity from one 
body of lower degree of electrification to another of 
higher degree of electrification may also yield a 
measure for the difference of the degrees of electri- 
fication of both bodies, just as before the work 
required to raise the quantity of water of a lower 
level to a higher one was that for the difference of 
water-level. It is therefore only necessary to find 
the unit of work. 

Let us consider the two silk threads by which the 
disc-pendulum (p) is suspended as very long and 
fine; then very little work is required to push the 
pendulum aside. If the pendulum charged with a 
unit of electricity is moved from B to A against the 
force of electrical repulsion, then, in this case, the 
work expended in this has only to overcome the 
electric force of repulsion in direct proportion to the 

1 We can imagine this transfer to take place in the following 
way. The disc-pendulum (fig. 75) by contact with the ball B 
receives a certain charge. If we choose such a small pendulum 
that it takes up exactly the unit quantity of electricity, then we 
can bring the disc p to the upper edge of the hollow ball A, and let 
it drop into the opening (so that the charge of the disc must pass 
over to the ball A). In this way we have in fact raised the unit 
quantity of electricity from a low electric level to a higher. 
It is of course supposed that the two electrified bodies A and B 


are at such a distance from each other that there is no attraction 
by mutual influence. 
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difference of degree of electrification, V,—V,. Let 

us call this difference of degree of electrification, 
difference of electric level, then we can call that work 
necessary to raise the unit quantity of electricity 

from a lower electric level to a higher the value of Set of 
the work of the difference of electric level, and call ma oe 
it the difference of electric potential. est dk: 

The difference of electric potential between two 
electrified bodies is the work which must be performed 
to raise the positive unit of electricity from the lower 
electric level to the higher. 

If we place the ball B (fig. 75) in conductive 
connection with the earth, it receives the degree of 
electrification of the earth or zero; accordingly the 
difference of level between A and B now = 
V,—V.,=V,—0=V,—that is to say, the whole power 
of repulsion from A comes into operation. In order 
now to transfer the unit of electricity from B to A 
from the level 0 to the level V,, an amount of work 
is necessary which is proportional to the degree of 
electrification of A, and is called the electric 
potential of the body A. 

We can now measure the work to be done in units 
of work. The meaning of electric potential may there- 
fore be expressed as follows :— 

The electric potential of a body is the measure of The electric 
its degree of electrification expressed in units of ie: 
work (cf. Appendix, 17, p 393). 

What degree of electrification shall we now take 
as unit of work? Plainly that which demands the 
unit of work to raise the electrostatic unit quantity 
of electricity from zero potential (7.¢., that of the 


earth) to that of the body in question. 
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Work consists in the overcoming of an obstacle, 
therefore of a force during a movement. Thus work 
is necessary to raise a burthen against gravitation, to 
pull a bow or a rubber tube, in which latter case the 
elastic tension has to be overcome. 

The unit of work, the erg, is the work by which 
the unit of force (1 dyne) will be overcome, and the 
unit of space (1 cm.) covered, or, more simply : 

1 erg of work will be done tf a body is moved 
1 cm. by the overcoming of 1 dyne. 

We can now choose the absolute unit of the degree 
of electrification so that the unit of work (1 erg.) is 
necessary to transfer one electrostatic unit quantity 
of electricity from the earth’ to the body concerned. 
We then say that the body has its electrostatic 
potential = 1. 

This electrostatic unit of potential, on account of its 
magnitude, is too inconvenient for practical purposes, 
therefore a practical unit of potential has been devised 
and called the ‘‘ volt” in honour of Volta. 

The volt is accordingly the practical unit of 
potential and also the practical measure of the 
degree of electrification. It corresponds to about 
300 Of the electrostatic potential unit. 


* In this case we must not imagine that the proof-body charged 
with the unit of electricity must be raised from the surface of the 
earth to that of the body concerned. Consider (B, fig. 75, p. 155) a 
hollow sphere B connected to earth. Then it has on its entire 
surface and in its interior the degree of the [electrical] state of 
the earth, ¢.¢., the level of 0. If we now put the pendulum (p) 
in the interior of this hollow ball and charge it with a unit of 
electricity, we only need draw it out and drop it into the interior 
of the other hollow ball (A) to bring one unit of electricity of the 
level of 0 to the level of the body (A). 
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1 volt = 34> of the electrostatic unit of potential. 

As the electrometer indicates the degree of electri- 
fication of a body connected to it electrically by a 
long fine wire, we can determine the corresponding 
potential by observing the degree of electrification. 
Now our electrometer has been graduated! in such a 
way that when the standard condenser was employed, 
1 unit on the scale corresponded to 1 volt. As we 
know the capacity of this condenser, we can also, by 
using the electrometer, calculate the value of the 
potential appertaining to it. 

In ths sense, therefore, the electrometer also 
measures the electric potential. 

If, then, in the quantitative ratios found by us 
between quantity of electricity, degree of electri- 
fication, and capacity, instead of the expression 
degree of electrification, its measure ~of work, 
namely, potential, is used, then our laws take the 
following form :— 

(1) The electric capacity of a body is measured by 
the number of electrostatic units which must be 
added to it to raise its potential from 0 to 1 electro- 
static unit of potential. 

In spheres the radius (in centimetres) is a measure 
of electric capacity ; therefore : 

Kea aba gee (ly? 

(2) 


Electric quantity = potential x capacity . ; (2a) 


* This graduation will be explained later in discussing the 
method of action of galvanic elements. 

* An insulated ball of 1 cm. radius requires 54, electrostatic 
unit to become charged up to 1 volt, therefore & here = 54, 
(Appendix, 22, p. 397). 
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or (as we have learnt, p. 159) for practical purposes 
the volt serves as unit of potential; hence the 
practical measure of quantity of electricity = volts 
x capacity. 


E=VxC. (2d) 

From this it follows : 
Potential = Se Vz = (2c) 
ebbenstee — ae CH = (2a) 


(3) Electric density is that amount of electricity 
which would appear on the unit of surface of a body 
(therefore on 1 sq. cm.) if the electricity—of the 
same density as on the point of the surface concerned 
—could be spread evenly over 1 sq. cm. 

Accordingly on a sphere: 


QUAnLILY OCS Eaon ae 3 
surface of sphere ”* 4mzr? ; (3) 


Density = 


(4) The force of electric repulsion cannot be ex- 
pressed so easily by a formula. In two very small 
similarly-electrified balls, at a proportionally great 
distance (r), the force of electric repulsion (A) is pro- 
portional to the amounts of electricity (E, and E,), and 
inversely proportional to the square of the distance 
(Coulomb’s law). As we already know 


r2 


A= 


On the other hand, the force of electric repulsion 
which an insulated electrified body exercises on a 
neighbouring point charged with like electricity, is 
dependent on the electric density and also on the 


position of the point [7.e., whether it is quite close to 
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or on the surface, or in the interior of a hollow space 
(Appendix, 20, p. 396)] and therefore differs, but 
the electric potential on the whole conductor and in 
the interior of the same is constant. | 

This was also proved by our experiment (fig. 19, 
p. 37), for if the degree of electrification of the cone 
was the same all over, so also must its measure of 
work, the potential, be unchangeable. 


In conclusion, we will also endeavour to determine 
the work which must be done by a charged conductor, 
if we conduct it to earth. The energy stored up in 
an electrified body is, of course, equal to the work 
which we must perform to charge it up to the given 
potential. 

Let us imagine several insulated balls of equal 
magnitude (r = 300 cm., see note 2, p. 159), and of 
such capacity that one electrostatic unit quantity of 
electricity is required to give a charge to each of 
1 volt. Let us connect to earth one such ball, the 
charge of which =1, and the potential =1 volt. 
Then the electricity in flowing away must perform a 
certain work. Now 1, 2, 3—n balls will of course 
perform 1, 2, 3—n times more work than a single 
ball. Let us connect the n balls (by long wires 
without capacity), then the degree of electrification, 
as well as the potential (1 volt), will remain un- 
changed, but the quantity of electricity is n times 
greater than in one ball. 

From this it follows that the work performed in 
the discharge—when the potential of the bodies is 
the same—is in direct ratio to the quantity of 


electricity concerned. Elsewhere we saw that it 
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requires 2, 3—-n times as much work to charge 
a body to the potential of 2, 3—n volts, in com- 
parison with the work required for charging up to 
1 volt. Voce versa, a certain body, which is charged 
up to 1, 2, 3—n volts, can perform 1, 2,. 3—n 
times the amount of work as with a charge of 
1 volt. 

If, therefore, an electrified body performs with a 
charge of 1 volt and one quantity of electricity =1, 
a certain work which we will call a, then the bodies 
(e.g., spheres) perform 


with 2 volts and quantity of electricity = 1, a work = 2a 


Of... 7 aL exOlt He a =2, |, sae 
” Ni, ” ” ” me 1, ” =Vxa 
” V ” 9 ” = K, ” =VxEx 


that is to say, the energy stored up in an electrified 
body is therefore proportional to the product V x E, 
that is to say, the potential x the quantity of elec- 
tricity. Lhe product of the potential x quantity of 
electricity is now the required measure for the energy 
stored up in an electrified body. 

If we take as unit of potential the volt, and as the 
unit quantity of electricity the coulomb, then the 
product 1 volt x 1 coulomb (called 1 volt-coulomb) is 
the practical unit of work which is necessary to charge 
the body to the determined degree of electrification, 
or which the quantity of electricity stored up in the 
body could perform, such as the heating of the 


According to Ostwald, every form of energy is composed of 
an intensity and a quantity factor ; or, in this case, of a degree of 
electrification and a quantity of electricity ; or, if we substitute 
for the former a unit of work, of a potential and a quantity of 
electricity. 
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conducting wire or the chemical decomposition of a 
fluid conductor (Part II.). 
Now we saw (p. 159) 
I volt = $5 electrostatic potential units 
I coulomb = 8 x 10° electrostatic units of electrical quantity, 
and as 


1 volt x 1 coulomb = 33, x (3 x 10°) = 107 e.-s, units of work (ergs), 
.. | volt x 1 coulomb = 10 million ergs, 


The practical unit of work, the kilogrammetre, is 
1000 x 100 x 981 = 98,100,000, or, in round numbers, 
100 million ergs, 

-. 1 volt x 1’ coulomb = eee kilogrammetres, 


or, in round numbers, 


1 volt-coulomb = 3, kilogrammetres, 


We must from this confine ourselves to pointing 
out that the volt-coulomb can serve as a measure 
of electrical work, as it is its direct proportional. 

More accurate researches, which we cannot go into 
here, show us that the amount of work that an 
electrified body has stored up within it is only equal 
to half the product of its potential x its quantity 
of electricity ; 7.e., 

store of work A=4 Vx E. 


Let us now call to mind that our influence machine, 
with a length of spark of 20 em., gained a difference 
of potential of even more than 90,000 volts. Let us 
also compare with this the mighty flashes of lightning, 
sometimes several kilometres long, flashing down 
from the storm-clouds, so that all artificially generated 
sparks appear puny in CeO Its power of 
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destruction no longer seems to us unintelligible, but 
forces us to recognise the almighty character of the 
forces of nature, and to acknowledge that we are very 
far from being able to bend them to our will. 

With this confession of our human weakness we 
will close this portion of our work. 
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PART II 


DYNAMIC ELECTRICITY 


CHAPTER I 


The most important phenomena of magnetism. Comparison between 
magnetic and electrostatic phenomena. The influence machine 
as source of electricity. The progress of the degree of electrifica- 
tion along a half-conductor connected to one of the poles of the 
machine. Analogy between hydrodynamic and electrodynamic 
phenomena. Meaning of electromotive force. Fall of potential 
in a circuit. Dependence of the fall of potential upon the 
length of the current conductor. Source of the electric current. 
Dependence of the fall of potential upon the conductivity of the 
current conductor. 


In static or frictional electricity you have gained 
some knowledge of a series of phenomena which 
evince such a striking agreement with the magnetic 
phenomena now about to be studied, that we are 
forced to conclude that there must be some hidden 
bond between the two domains. On closer observa- 
tion, however, very profound differences will become 
evident. It will, therefore, be advantageous to 
compare the most important phenomena occurring 
in the two divisions. Since the principal qualities of 
magnets are already known to you, we may confine 
ourselves only to what is necessary for the purpose 
in view. ) 

Here is a lump of magnetic iron ore, which consists 
of a chemical combination of iron and oxygen (e,0,). 
The two opposite sides have been polished and are 


smooth and even. Taking hold of the lump by the 
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middle, I push it into a small heap of iron filings, and 
upon withdrawing it you see that particles of the 
filings adhere to it, but not uniformly. The ends 
have the appearance of a thick bush, the extremities 
of which are specially prominent, while in the middle 
of the mass there is a perfectly free zone to which no 
particles cling ; this part is called the zone of indiffer- 
ence (marked w. in A, fig. 76). Those parts, where 
the magnetic attraction is strongest, we call the polar 
surfaces or poles (pp). If now, having scraped off 
the filings, I present one of the polar surfaces to 


r 


Fic. 76.—Magnetic attraction, Fic. 77.—A, magnetic influence; 


Zp natural size. B, the different force of attrac- 
tion of the magnet for iron 
and nickel, 


a piece of iron, this last will be powerfully attracted, 
and in its turn will acquire the same property as 
the magnetic ore (B, fig. 76). 

Pieces of iron may be attached to both poles so 
as to form a chain, and it will be found that the 
different links of the chain exhibit reciprocal attrac- 
tion, and if any two are brought near each other they 
adhere together as in B, fig. 76. 

This force is also displayed too in the neighbourhood 
of the poles. If, for example, I place a piece of soft 
iron in the ring of this retort stand (A, fig. 77) and 


hold the pole of the magnet just above it, another 
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piece of iron may be suspended from it; then a second 
may be added to the latter, which in turn will support. 
a third, and so on; but as soon as I remove the 
magnet, the whole series falls on the table, just as 
would happen if, in the former experiment, I were to 
take hold of the top piece of iron, and at the same 
time to take away the magnet. 

This phenomenon, resulting from the approach of 
a magnet, is called magnetic influence. We shall 
return to it later. 

The force of magnetic attraction is especially 
manifest in the case of iron; but in some metals, such 
as cobalt and nickel, it is weak, and in other bodies it 
is only apparent when very powerful magnets are 
used. ‘T'o show you the difference between iron and 
nickel, [ will take pieces of each of almost equal size, 
finely polished and provided with hooks, from which 
I suspend, by silk threads, small leaden balls of equal 
weight, fastened at the same distance from each other 
on silk threads (B, fig. 77). If I touch the iron with the 
pole of a magnet, I am able to raise up a string of more 
than ten of these weights, whereas the nickel ball falls 
to the ground as soon as the fourth weight is added. 

We have seen that soft iron, when brought into 
contact with or even into the neighbourhood of a 
magnet, itself becomes magnetized, but loses this 
quality immediately the magnet is removed. Even 
repeated stroking with the magnet makes no altera- 
tion; but a steel rod under the same circumstances 
becomes permanently magnetized. This gives us the 
means of providing ourselves with artificial magnets 
of convenient shape. 

This knitting needle is a very good object for our 
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experiment. I break it in half, and so get two small 
handy steel rods, which I proceed to magnetize in 
the following way. Holding one half firmly by the 
middle, I lay it close to one of the poles of the magnet 
and draw it along it, being careful that the end of 
the needle leaves the edge of the pole surface last. 
While doing this I turn the needle round a little 
after each ‘‘draw.” This process I repeat twenty or 
thirty times. I do the same with the other half of 
the needle, but with the opposite polar surface of the 
natural magnet. Now both needles are magnetized 
strongly enough to hold up pieces of iron heavier 
than the magnetized needle itself’ We can, by 
means of these magnetic needles, study the peculiar 
properties of magnets. 

From stands, about two inches apart, are suspended 
by fine twisted silk threads two small stirrups of 
aluminium wire, and in these I place the magnetic 
needles in a horizontal position. You see they swing 
to and fro once or twice and then come to rest 
parallel to each other. By any compass needle you 
will see that one end of each needle points exactly 
to the north.’ 

To distinguish the ends of the needles from each 
other, we will fix on the north-seeking pole of each, 
which we shall call shortly the “north pole,” a ball of 
sunflower pith coloured red, and on the other end a 
green one of the same material. Now the ends with 


1 The horizontal deviation of the magnetic needle from the 
astronomical meridian was, in St Petersburg in 1895, about 
4 minute, now almost 1 minute west. For our purposes it may 
therefore be neglected. This “declination” of the magnetic 
needle is much greater for places situated further east or west. 
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the red balls of both needles point north. Hence 
the red ball marks the north pole, and the green one 
the south pole of each needle. 

The question now forces itself upon us: How does 
a movable magnet of this kind behave at the 
approach of a piece of iron or another magnet? [| 
bring an iron key near one of the magnetic needles— 
one pole is attracted, as is also the other one: that is 
to say, both poles of the magnet are attracted by the 
non - magnetized iron, as 
formerly the iron was at- 
tracted by both poles of 
the magnet. 

Now I take one of the 
magnetic needles from the 
stirrup and, from a lateral Fie. 78.— Magnetic attraction and 
direction, advance its repulsion, 45 natural size. 
north pole towards the movable needle. The latter 
turns quickly round, swings with gradually decreasing 
movements to and fro, and then comes to rest in such 
a position that its south pole is opposite the north 
pole of the needle which has been brought near to it 
(A, fig. 78). Scarcely have I turned away the needle 
held in my hand, when the movable needle swings 
round and turns its north pole to the south pole of 
the one presented to it (B, fig. 78). 

When the suspended needle has regained its 
position of rest, pointing north and south, I offer 
quickly to its south pole the south pole of the other 
magnetic needle. A strong repulsion is manifested. 
The same thing happens between the two north poles. 
Hence we see that: opposite magnetic poles attract ; 


like ones repel each other. 
171 


Molecular 
magnets, 


THE SCIENCE OF ELECTRICITY 


Is it possible to separate the poles? I break one 
of the magnetic needles in the middle and present the 
portion of the north end carrying the red ball to the 
suspended needle. We see that a new south pole has 
been formed. We find also a north pole on the other 
broken part: that is to say, every broken part forms 
a complete magnet. I again break the pieces, until 
the needle is divided into eight nearly equal parts. 
I place these in a thin glass tube, so that each south 
pole is followed by a north pole and so on, and then 
I suspend the glass tube in the empty stirrup: you 
see that the eight little magnets act as one complete 
magnet. 

If, in imagination, we continue this division of the 
magnetic needle, there can be nothing against our 
acceptance of the hypothesis that every molecule’ 
of the steel composing the needle possesses a north 
and a south pole, and therefore that the magnet is 
composed of very minute molecular magnets, all 
pointing in the same direction (Weber). 

What will happen if these molecular magnets do 
not point in the same direction, but take up all kinds 
of different positions? Here we have a test tube of 
very thin glass loosely filled with steel filings and 
corked up. By holding it for a long time over the 
poles of a strong magnet, it is possible to magnetize 
the mass, consisting of thousands of little pieces of 
steel, so that the ends of the tube have the power of 
lifting small bits of iron. Now I loosen the cork 
a little and shake the tube so much that the filings 


1 By molecules we understand the smallest homogeneous particles 
of which a body is composed. The indivisible ultimate parts of 
the molecules are termed atoms. Cf. p. 55, supra. 
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are all jumbled up. You see that the magnetism has 
almost entirely vanished. 

From the above we may infer that an un-magnetized 
piece of steel or iron consists of molecular magnets 
occupying all kinds of positions with regard to one 
another. To magnetize is, therefore, merely to set 
some of the molecular magnets parallel to each other 
and pointing in the same direction. 

The final state of magnetization would be reached 
when all the molecular magnets were thus arranged ; 
but this cannot be done. The susceptibility of iron 
to a transient state of magnetization may be a 
result of the quality possessed by its molecules of 
turning easily, while the steel molecules combined 
with carbon are probably less mobile. On the other 
hand, when these last are once arranged in the same 
direction, they retain their position. The fact that 
a piece of steel becomes magnetized more quickly 
when it is jarred during the process of magnetiza- 
tion and that a steel magnet loses some of its 
magnetism by a blow or fall, is an argument for our 
hypothesis. 

We have still to decide the question: What polarity 
does the end of the steel needle receive when stroked 
with the pole of the magnet? This piece of knitting 
needle is still unmagnetized. I take hold of it near 
the end, and draw it along the north pole of a magnet 
so that the free end leaves the pole last. A trial 
shows that this end has become a south pole. Simi- 
larly, if a needle is drawn along the south pole, the 
part of the needle last touched by the magnet becomes 
a north pole. For this, direct contact is not even 


necessary, for the magnetization is successful, although 
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weaker, when performed by a magnetic pole covered 
with a thin plate of mica. Even a hard un-annealed 
Magnetiza- iron nail, one end of which I present to a magnetic 
tnevee, pole, exhibits after-a time some permanent magnetism, 
and it will be found that the nearer end of the nail 
has received the opposite, and the further one the 
Same magnetism as the magnetizer. We call this 
phenomenon magnetic influence (p. 169), and we may 
state that : magnetizing by stroking or by the ap- 
proach of a magnet is magnetizing by influence. 
Now we will try to “discharge” (demagnetize) the 
magnet by bringing it into contact with various 
bodies. . . . We do not succeed. Magnetism is 
therefore not capable of being “ conducted.” Yet 
a magnet is almost entirely demagnetized by being 
heated in a flame. 
Let us now summarize the most important magnetic 
phenomena and compare them with the phenomena 
of static electricity already familiar to you (cf, p. 6). 


SUMMARY OF THE FUNDAMENTAL PHENOMENA OF 
MAGNETISM AND STATIC ELECTRICITY 


(1) Like magnetic poles repel; unlike attract each 
other. 

Like electrified bodies repel; unlike attract each 
other. 

(2) Any number of steel rods may be magnetized 
by being stroked by a magnet, and yet the influencing 
magnet loses none of its strength. Similarly any 
quantity of +K and —E may be generated without 
the influencing body losing any of its charge. 


(3) A suspended magnet, free to move, assumes in 
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_ the magnetic field (also in that of the earth) a certain 
direction ; so, too, does an electrified needle (fig. 6, 
p. 14) in the electric field of an electrified body. 

Phenomena opposed to these analogies are : 

(4) If a magnetic needle is broken up into in- 
numerable pieces, every single piece forms a complete 
magnet (molecular magnet). 

(5) Magnetism cannot be withdrawn from a magnet 
by contact. 

(6) A few substances only, such as iron, nickel, 
cobalt, and their compounds, can be magnetized to 
any great extent, or can affect the magnetic needle. 
On the other hand, all sufficiently insulated bodies 
are capable of being electrified. 


From this summary you see that although, in 
many respects, the similarity between the magnetic 
and electrostatic phenomena is so great, yet in many 
others there are very conspicuous differences. This is 
especially evident in the binding power of magnetism, 
z.e. in the impossibility of a body parting with any of 
its magnetism by communication ; or, to put it more 
correctly, of magnetizing another body at its own ex- 
pense, or of discharging a magnet by contact. Further, 
the magnetism usually studied is confined to a few 
bodies (Appendix, 23, p. 397). Electricity, on the 
other hand, is—at least in conductors—movable, and 
may be generated in every properly insulated body, 
whether solid or fluid, by contact or communication. 
Is it possible to refer these phenomena, showing such 
divergences of character, to some common cause ? 
That this can be done, we shall see later on. 


We have now shortly reviewed those magnetic 
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phenomena which are indispensable for the under- 
standing of what is to follow, and we will now return 
to the consideration of matters dealing with electricity. 

In the first part of this book we gained a knowledge 
of the phenomena of static electricity : that is to say, 
of electricity in equilibrium or a state of rest. This 
name is much used, but only to mark its general 
character, because what is known as electricity 
“at rest” may be conducted and, to speak figura- 
tively, may flow through a wire into another body 
or to the earth; thus, to a certain extent, it moves. 
We have taken much advantage of this power of 
movement possessed by static electricity, but the final 
result has always been the same, that is, a condition 
of equilibrium has been established. Now we shall 
give our attention chiefly to the process of electrical 
discharge in conductors and, therefore, to the so-called 
‘current electricity,’ which, in contra-distinetion to 
static, is called dynamic electricity. 

In order to follow the phenomena of current elec- 
tricity, we must have at our disposal a prolific means 
of supply. The influence machine, already so much 
used, may for the present show us upon what the 
question turns. 

I set the machine in action and hook on to the 
conductors (A, fig. 79), by the hooks attached, both 
ends of a smooth, thick hempen cord 210 em. long. 
This cord, which is a semi-conductor, I fasten to the 
hook at the end of a taut silk thread (s) hanging 
down from the ceiling. Thus a closed circuit is 
formed when the machine is in motion. 

The simple proof electroscope (B, fig. 79), with 


paper leaves, hung from wire stirrups, I fasten to an 
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ebonite rod, and place its lower end, conveniently 
bent, on the string near the positive conductor, 

Will one of you kindly turn the handle of the 
electrical machine as regularly as possible, so that I 
may be able to run the electroscope along the string ? 
—We notice that the leaves in the position a (A 
fig. 79) diverge very much, and that when we put 
the testing electroscope to the knob of another one 
charged with vitreous electricity, and standing on the 


Fie, 79.—A, course of potential in conductor, 31; natural size ; B,. proof 
electroscope, 75 natural size, 
table near, we find it indicates positive electricity, as 
was to be expected. 

Now I gradually move the hand electroscope along 
the cord, testing at each interval the nature of the 
charge. You notice that it is still positive, but it 
gradually decreases up to the point o (A, fig. 79), 
where the leaves fall completely together, and the cord 
thus exhibits a zero degree of electrification. If the 
proof electroscope is pushed further on, the leaves 
again begin to diverge, but the charge is negative, 
and increases constantly the nearer the electroscope 

* Our paper electroscope may also be used, by touching the 


string with the conducting rod just underneath the ball. 
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gets to the negative conductor (f—k, A, fig. 79). We 
conclude from this that the degree of electrification, or 
the difference of potential’ from the zero-potential of 
earth, decreases (according to the absolute magnitude) 
continuously in the path of the current from both 
poles, up to the point marked 0. At o the degree of 
electrification is zero. Now comes the interesting 
question: What goes on in (or on) the conductor, 
while, speaking figuratively, the electricity is flow- 
ing through it? What flows, or does anything flow ? 
According to the two-fluid theory, both kinds of 
electric fluids are generated at the poles of the 
machine and flow against each other in the conductor. 
In that case, then, when these opposite electricities 
meet, they must neutralize each other. How, then, 
can the steady decline of the degree of electrification 
until the point o is reached be explained? Perhaps 
both electricities flow past each other, and on the 
way gradually perform the neutralization. This 
contradicts entirely the observations hitherto made. 

You will admit that the two-fluid hypothesis cannot 
explain the inner processes of the so-called current 
electricity. Force of habit constrains us to retain 
the borrowed expressions “current electricity” (or, 
in short, electric current), as also +E and —H, for 
the want of a more suitable term, just as we speak 
of the setting and rising of the sun, although 
Copernicus long ago corrected this error. 

1 The electric potential difference of two bodies is measured by 
the mechanical work necessary to raise the positive unit quantity 
of electrostatic electricity from the lower electric level to the 
higher. The value of the work of the difference of electric 


potential of a body from the earth is, therefore, the mechanical 
measure of its degree of electrification. 
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How does the process fit in with the one-fluid 
theory? Let me, in order to put it in a clearer 
light, give you an example taken from hydraulics, 
as this bears an analogy to the electro-dynamic 
phenomena we are examining. 

Let us imagine a horizontal canal of circular 
shape (A, fig. 80), filled with water to half the 
height of its walls. At the point M a dam is made 
close to the bottom, and in it a turbine or water- 
wheel works, which can be set in motion by a machine. 


Fic. 80.—Hydrodynamic phenomena. 


At another point (S) there is a penstock or sluice, 
which, for the present, we will consider closed. 
What will happen when the water-wheel is working? 
Naturally the water in the canal will be driven for- 
ward (7.e. in the direction of the arrow, to the left of 
M), and will flow into the left half of the canal and 
there be dammed up, whilst in the other half the 
water level must fall. At the sluice a difference of 
level will occur (B, fig. 80), the height or extent of 
which depends upon the force driving the water, or, as 
it may be called, the aquamotive force of the machine. 


This difference of level will go on increasing until 
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the counter-pressure of the water upon the paddles 
establishes a condition of equilibrium. From that 
moment the further work of the machine only 
serves to maintain the difference of level. The 
difference of level at the closed sluice may therefore 
be taken as a measure of the aquamotive force of 
the machine. As we may term the difference of 
level, measured by the value of the mechanical work 
done, potential difference, we may say: the potential 
difference at the ends of the canal is a measure of 
the aquamotive force. If (according to mechanical 
measure) the increase of water level upon one side 
of the sluice = + v (cf. B, fig. 80), and the corre- 
sponding decrease on the other side = — v, then the 
entire surface or potential difference = + v — (— »v) 
= 2, as can be seen from B, fig. 80. 

While the machine continues working uniformly, 
let us imagine the sluice-gates opened, so that the 
canal forms one continuous circular current. The 
difference of level will try to equalize itself; but as 
the working of the machine prevents this, a difference 
of level which depends on the resistance of the 
current, and generally is much less than before, is 
maintained. In the canal a condition of equilibrium 
will soon prevail, because just as much water flows 
to any particular point as flows away from that point. 
The fall of level or fall of the current must be uniform 
in any one cross section of the canal. C, fig. 80, 
shows a section perpendicular to the axis of the 
canal; o—o (B, fig. 80) is the original level of the 
water in a position of rest or zero potential. 

Two results follow from the above :— 

(1) Let us imagine Halal dug in the space 


FALL OF POTENTIAL IN CIRCUIT 
enclosed by the canal, the surface of which is the 
same height as the original level of the canal. Let 
us compare the height of water in this or the degree 
of fulness of the canal with that of the pond. The 
degree of fulness in the left half is greater than that 
of the pond, whilst that in the right half is less. 
The difference of level of the two, beginning from the 
left of the wheel, steadily decreases, and at one point 
will become zero, and then passes into a continually 
increasing negative difference. Compared with zero 
level, we have, figuratively speaking, in the left 
half of the canal plus water, in the right minus 
water, or a positwe and a negatwe degree of 
fulness. 

(2) Between every two points of the stream equally 
distant from each other (0, b, or 6’ b" C, fig. 80) there 
is an equal fall of the current or an equal difference of 
deoree of fulness: that is, the fall of the current is 
constant. Every point of the circular current, com- 
pared with points taken higher up the stream, has a 
lower level and therefore a negative degree of fulness, 
and, vice versa, a positive degree in comparison with 
points lying further down the stream. 


Let us now return to our electrical phenomena. 
We have already become acquainted with the analogy 
to the first result (fig. 79) taken from hydrodynamics, 
in the fact that the degree of electrification, or the 
corresponding electric potential in the conductor con- 
tinuously decreased, became zero, and finally passed 
into an increasing negative value. 

We will now consider the fall of the current 
between two points in the circuit. 
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I place the paper electrometer (E, fig. 81) with its 
metal case upon a block of paraffin or with its feet 
resting on three ebonite discs. In all experiments 
with the electrometer a much enlarged image of the 
scale and leaf should be thrown on the screen 
(cf. fig. 16). To the ebonite rod (l) two movable 
brass binding screws are fixed, to which two thick 
German silver rods with hooked ends (m, m,) are 
soldered. To the screws I fasten two very fine bare 


Fic. 81.—Fall of the electric current in a circuit, =, natural size, 
B, wire-fork—the pillar in the stand H is movable. 


copper wires, and, carrying their ends over small 
hooks, which hang from the ceiling by silk threads, 
I attach one of them (7m,) to the binding screw of the 
electrometer case, and the other (m,) I connect with 
the conducting rod of the electrometer. 

Now, while one of you kindly turns the handle of 
the influence machine slowly and regularly, I place the 
wire-fork (as the instrument described above is named) 
on the hempen cord, as shown in fic. 81, and immedi- 
ately you notice a divergence in the leaves of the 


electrometer, which remains almost entirely un- 
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changed, if I push the fork about, or along the 
whole length of the string. At the same time the 
wire (m,) laid on a point down stream and con- 
nected with the electrometer continually exhibits, 
when tested, —E. 

Now I turn the ebonite rod so that m, remains 
where it was, but m, is placed at a point down 
stream—the electrometer still shows the same di- 
vergence, but + E. Also, if we move the wire-fork 
along the cord, the divergence remains almost the 
same. If we allow for the fact that the machine 
does not always work quite regularly, and that the 
cord in places is thinner or twisted more tightly than 
in others, we may take it that with an almost con- 
stant source of electricity the fall of the current in 
a uniform conductor is constant throughout the whole 
circuit. 

We will now repeat the experiment with a little Ratio be- 
variation. The cordis 210 cm. inlength. Atadistance Meee 
of 70 cm. from the positive conductor, te. at about length of the 
+ of its whole length, a point is marked with a lead 
pencil (P, fig. 81). At this point I fix a binding 
screw and connect it to earth by a wire. When the 
machine is in motion this point (P) of the circuit 
will take the degree of electrification of the earth, 
which is zero. In reality you see that at this point 
the proof electroscope shows no divergence. On 
the other hand, from P to + it exhibits + EH, and 
from P to —k always —E. I place the wire-fork 
on the string and the action is the same as before ; 
also if I place the wire m,, connected with the 
electroscope, on the zero-point P. But now a remark- 


able thing happens. In each of the two unequal 
183 


THE SCIENCE OF ELECTRICITY 


parts of the string (ve. between +h and P, as also 
between P and —k) the electrometer gives an almost 
unvaried divergence; but in the smaller part it 
shows 3°4, and in the larger 1°8 divisions of the scale : 
that is to say, in the shorter conductor the fall of 
the current is almost twice as great as in the larger 
one. The latter is twice as long as the former, and 
hence we see that : in homogeneous conductors of un- 
like lengths, the difference of level between every pair 
of equally distant points is inversely proportiona 
to the length of the conductor. | 

Electro- The work at the expense of which the electricity 

motvelore oF tha machite as in this case generated (p. 112) is, 
as we know, the work of the muscles of your fellow- 
pupil, who is good enough to turn the machine. The 
force which drives the electricity through the con- 
ductor we may call the electromotive force, just as 
before we called the force which set the water in 
motion the aquamotive force. As a measure of the 
aquamotive force we took the difference of level which 
occurred when the sluice-gates were shut and the 
stream continuous, In the same way, as a measure 
of the electromotive force we may take the difference 
of electric level (or potential difference) at the free 
poles of the source of electricity. 

In order to determine the electromotive force of 
the influence machine, we must measure the potential 
difference at the free poles while the machine is 
working uniformly ; but for direct measurement the 
méans we have had at our disposal hitherto are not 
sufficient. The scale of our electrometer when the 
normal condenser (since the multiplying power of the 
condenser is about 200) is used, only registers up to 
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10 volts,* or up to 2000 volts without the condenser. 
But in this case we shall have to deal, according to 
the length of spark, with a polar difference or electro- 
motive force of 10—50,000 volts. Yet we can esti- 
mate approximately by measurements in the electric 
field the polar difference (electromotive force) of the 
influence machine (¢f. Appendix, 12, p. 390). 

The Braun electrometer employed by us is too 
expensive for ordinary use. By replacing the little 
paper leaf with a small leaf of aluminium of adequate 
thickness, we can adapt our ordinary electrometer 
to the required range ; yet graduation in this case is 
scarcely possible, when the apparatus usually found 
in science classes only is available, and an ungraduated 
instrument is of no use. We must, therefore, employ 
in our further experiments other means of generating 
electricity ; but first let us review our past work. 

We learnt in static or frictional electricity that: 

An electrified insulated conductor bears on its entire 
outer and inner surface (as also in the hollow within) 
the same degree of electrification, and therefore a 
constant potential. On the other hand, in current 
conductors we find a fall of potential, which, for the 
sake of clearness, we have named the fall of the electric 
current, although we are ignorant as to what is moving 
in the conducting wire. In what, then, does the 
difference between static (at rest) and dynamic 
(flowing) electricity consist ? 


* The volt is the practical unit of potential difference and also 
of the value of the practical work of the degree of electrification. 
Thus 1 volt = 53, electrostatic potential units (cf. pp. 158, 159). 
It is also used, as we shall see later, as the unit of the ‘polar 
difference (or, more accurately, of electromotive force). 


185 


THE SCIENCE OF ELECTRICITY 


As an introduction to our study of dynamic electri- 
city, I have purposely chosen a source of electricity 
before used for the generation of static electricity. 
Without further discussion you will, therefore, agree 
that in both cases the same kind of electricity was 
at work. Hence, when we make use of a new source 
of supply, no matter of what kind, and which, in the 
main, exhibits similar phenomena, then we must allow 
that, figuratively speaking, both in dynamic and static 
electricity there exists one and the same thing,—in 
short, that there is only one kind of electricity. The 
difference between electrostatic and electrodynamic 
phenomena, therefore, depends solely upon the different 
action which this same electricity exercises when in a 
state of rest and in one of movement. It is quite 
immaterial what means are employed to set in motion 
(or to cause to flow) the electricity in the conductor 
concerned. 

If, for example, I wave the electrified flint glass rod 
above an uncharged electroscope (fig. 23, p. 45), while 
the glass rod is brought near to the ball of the electro- 
scope, the opposite kind of electricity is drawn into 
the ball by influence and the same kind is driven into 
the conducting rod and into the leaves. In the same 
measure as the influencing body is withdrawn, the 
electricity flows back again from both ends of the con- 
ducting rod. Here, then, we have electric currents 
flowing backwards and forwards in each half of the 
conductor of the electroscope. In like manner, if 
we touch an insulated electrified conductor, and so 
connect it to earth, the electricity flows from the 
whole outer surface to the point touched and then 
streams away. The Oppel process takes place when 
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a conductor is being charged. We may therefore 
state: an electric current always sets in when, at 
any pont of a conductor, the degree of electrification 
(i.e. the potential) is changed. 


In the experiment shown in fig. 81 we agreed to 
say that electricity flows through a conductor, and 
called the process which takes place when an electric 
surface of higher level strives to adapt itself to a 
lower level, the electric current. According to the 
one-fluid hypothesis, the phenomena already observed 
may be easily explained. For the sake of con- 
venience we will retain the expression — E; but 
by the term direction of current we shall under- Current 
stand the direction in which the +E flows through “4 
the conductor. In doing 
this, as is the general usage, 
we assume with Franklin ¢geemeow-—----- 
that +E stands for vitre- ‘Fre. 89, ihn conductors of 
ous electricity. This is a Sal caer 
quite arbitrary distinction, but it is one familiar to us. 
We will now examine what effect the thickness of 
the string has upon the fall of the current. For this 
purpose I have here (fig. 82) three hempen cords, the 
ends of which are wrapped in tinfoil and bound 
with copper wire, ending in each case in a hook, which 
I can couple to the poles of the machine. All three 
cords are of the same length. The first (A) consists 
of one strand, the second (B) of two, and the third 
(C) of three, all cut from the same piece and as far 
as possible of the same thickness. I fasten the cords 
to the machine in turn (s, fig. 81), and determine with 
each of them the electric poset! at the points of 
18 
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contact of the wire-fork (the distance between the 
prongs of course remaining the same). While the 
machine is turned as regularly as possible, we note 
the following degrees of divergence on the electro- 
meter: with A, 8°5; with B,5°5; with C,2°7. From 
this we gather that: the difference of electric level 
between every two equally distant points of the current 
decreases, if the section of the current conductor is 
encreased. 

I now place before you a charged paper electroscope 
(fig. 88). With one hand I take hold of the single 


ee Mi 


Fic. 83.— Conductivity of cords of varying thickness, + natural size. 


cord (A, fig. 82) by one of the wire hooks, and with the 
other hand I hold it at a point about 30 cm. from the 
first hook, and put the middle of the cord held against 
the conducting rod of the electroscope. You see how 
the leaves fall together slowly. I repeat the experi- 
ment with an equal length of the double cord B: the 
leaves fall together more quickly, and still more 
quickly when the three-strand cord is substituted. 
Hence we see that the three-strand cord conducts 

1 The current may be regulated by putting in circuit from one 
to ten incandescent lamps in parallel. For safety it is better at 


the same time to put in the switch-box a lead wire, which will 
fuse when the intensity of the current becomes too great. 
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better than the double one, and the double one better 
than the single one. 

We can express what has been observed above more 
accurately as follows :— 

For a particular length of circuit the difference 
of electric level of the ends is smaller the greater 
as the conductivity of the conductor. 

Some of the results of our observations are inter- 
esting. What will happen if we use a good con- 
ductor, such as a copper wire, instead of the string? 
Evidently the difference of electric level on our wire 
fork will be imperceptibly small. Experiment con- 
firms this. You see, therefore, why I use string. 
But if I connect the pole of the machine by an 
msulator (non-conductor), the entire electromotive 
force appears as potential difference at the poles, and 
the insulator acts in this case as the closed sluice in 
the canal. 
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CHAPTER II 


Electrification of metals by contact with fluids. Action of two metals 
simultaneously immersed. Voltaic element or cell, Polarity. 
Cause of the electromotive force of the cell. Chemical theory. 
Historical. Volta’s contact theory. Constant cells. Arrangement 
of cells in parallel and in series. Electromotive force of battery 
in parallel or in series. Comparison of electromotive force of some 
constant cells. 


We have now seen something of magnetism and 
dynamic electricity. In order to have a bird’s-eye 
view of the important points contained in the last 
chapter, let us arrange them as concisely as possible. 

(1) The magnetic and electrostatic laws of repulsion, 
attraction, and influence, exhibit many points of 
striking similarity, but at the same time great differ- 
ences. or instance, a magnet has always two 
opposite poles; a magnet divided and subdivided 
exhibits in all its pieces the properties of a complete 
magnet, each piece having two poles. Only certain 
substances (iron and its ore, nickel, etc.) are magne- 
tized with any ease, while all well-insulated solid 
bodies are capable of being electrified. 

(2) Between a conductor, through which electricity 
flows, and the current of water in a canal there is 
a striking analogy, which continues even if the 
conduction of the current is interrupted, as when, 


in the case of the canal, the sluice is closed. In the 
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electrical machine an electric potential difference sets 
in at the ends of the pole wires or electrodes, which 
is dependent on the electromotive force of the 
apparatus and may be employed as the measure of 
the E.M.F. 

(3) If at the points A and B a difference of electric 
potential occurs and is maintained when A and B are 
Joined conductively, the electricity evinces a tendency 
to equalize the differences. The process by which 
this comes to pass is called the electric current. 
In the conductor which connects both poles of the 
apparatus, the degree of electrification—that is, the 
electric difference from the zero level of the earth— 
differs. The positive electricity +E is strongest at 
the positive pole, but decreases constantly until at 
one spot it reaches zero, and, thenceforward, until 
it reaches the negative pole, the current exhibits a 
constantly increasing —E. Hence in the current 
conductor we have a fall of electricity or fall of 
potential. If the current conductor is uniform, the 
fall is constant, 2.e. the difference of potential is 
equal in points at an equal distance from the con- 
ductor. In the case of two points at a fixed distance 
from each other in the circuit, the less the conductivity 
of the body, the greater is the difference of potential. 


We are now going to make the acquaintance of 
a new source of electricity which at first sight appears 
unpromising and meagre, but is in reality capable of 
supplying much greater quantities of electricity than 
the largest possible electrical machine, and is very 
generally employed for practical purposes. 


I screw on the aluminium electrometer (fig. 84) 
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a zine disc, and lay cross-wise upon it two thin 
strips of mica (g), somewhat longer than the diameter 
of the zinc, varnished on both sides, or instead 
warmed and rubbed gently with paraffin. Upon 
these I place a piece of filter paper (/) and allow a 
few drops of diluted sulphuric acid to drop on it. 
Now I get a piece of pliable zinc wire (d) (or a 
narrow strip of sheet zinc), provided with a small 
handle (z) of sealing-wax at each end. Bending 
the wire, I touch with one 
end the zine plate (zn) and 
with the other the damp 
filter paper (f). Upon 
taking away the zine wire 
and lifting up the upper 
strip of mica, the electro- 
== = meter indicates a weak 
te ara charge of —E (in fig. 84 


Fig. 84.—Buff’s demonstration of the site 
electrification of metals by contact the position of the leaves 


with fluids, #5 natural size. is marked by dotted lin es), 
while the filter paper shows + E.? 

Let us repeat the experiment with a copper wire 
and a copper plate. We again get on the electrometer 
—K, but in much smaller quantity, whereas platinum 
would give +H. If, instead of the diluted sulphuric 
acid, we employ water or a solution of salt, the action 
of the several metals is somewhat different, as far 
as concerns both the magnitude and the sign of the 
charge ; but zinc, of all metals, when brought into 


1 Both here and in the succeeding experiments with the electro- 
meter its case must be connected to earth by the wire L in fig. 84. 
Also a clear image of the scale should be projected on the screen 
(see figs. 13, p. 28, and 16, p. 32). 
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contact with a suitable fluid, yields the strongest 
charge of negative electricity. 

What will result if two different metals are brought 
into contact with the same fluid 2 

Here are some rods of different kinds of metal, as 
also some of gas-retort charcoal, to the ends of which 
are soldered flexible copper wires. The wires of the 


Fic, 85.—A, small voltaic element, 4 natural size ; B, connection of 
conducting wire with an insulated wire, 


zine rods are bound round with green silk and the 
others with red silk. On each rod there are two 
rubber bands, so that when placed near each other, 
their surfaces will not touch. 

Now I place a zine-copper couple in a glass beaker Volta’s 
(fig. 85), half filled with diluted sulphuric acid, and set °°™™“ 
it in a hole in a wooden stand, and we have what 
is called a Volta’s element or voltaic cell. Strong 


German silver wires are soldered to the ends of the 
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conducting wires (d, d,); and these, after being formed 
into loops (0), are drawn out into points. 

If now I put the point of one German silver wire 
into the loop of another element, the two rods are 
placed in actual conductive connection or contact. 
This is here of the greatest consequence, as you will 
see later. Next I fix in each of the loops of the 
electrodes or wires attached to the rods of the cell a 
wire nail, pushed through one end of a stick of sealing- 
wax (B, fig 80). These are to be used as handles 
(S), and by grasping one of them I can hold the pin 
to the earthing wire of the electrometer without 
touching the conducting wire of the cell.’ 

I shall take this precaution in all experiments 
with the electrometer without further mention. 

Now let us see if our “element” works. I touch 
the conducting wires in turn with the ball of the 
aluminium electroscope—no perceptible action results. 
Hither no electricity at all has been generated or 
the electrometer is not sensitive enough. We must 
therefore use the condenser (pp. 68 et seq.). 

After taking off the ball, I screw upon the electro- 
meter one condenser plate and put the other plate 
upon it. Now, taking hold of the insulating handles 
of the wires, I touch simultaneously for a moment the 
conducting wire of the electrometer and that of the 
upper plate (fig. 86). Now I lift up the upper plate, 
and you can see that the electrometer indicates a 
divergence of nearly two divisions of the scale (more 


1 More suitable than sealing-wax are handles of thin ebonite, 
about 70 mm. long and 5-6 mm. diam. Near one end a hole is 
bored with a red-hot steel wire, and the tinned copper wire 


pushed through. 
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exactly 1°7). In this case the wire leading from the 
copper touched the conducting rod of the leaf. 
Testing by an electrified glass or ebonite rod shows us 
that the electrometer is charged with +E. 

To check this experiment, I will touch the conduct- 
ing rod. with the wire leading from the zinc plate, and 
the one above with that coming from the copper. The 
divergence is nearly exactly the same, but shows —E 
instead of +H, and on repeating the experiments, we 
constantly get the 
same results. 

Hence we learn 
that: when two dif- 
ferent metals are 
simultaneously im- 
mersed in a suitable 
Jiud, at the protrud- 
ing ends of the 
of potential arises Fre. 86.—Demonstration of the polarity of 
Pe sasniaine d, a voltaic element, 34, natural size. 
whereby one metal (here copper) shows +E, the 
other (zinc) —. Such an element or cell is there- Element, 
fore a self-acting electric machine in miniature. The 
oppositely electrified metal rods, projecting out of 
the fluids, form the poles, and hence we call the 
conducting wires fastened to them the pole-wires 
or electrodes. 

The difference of electric level or polar difference is, Polar differ- 
in the case of a cell of this kind, extraordinarily small. “"°* 
Hence, a momentary touching of the electrodes with 
the plates of a large condenser is sufficient to impart 
to them the same peel as the poles possess, If 
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you remember how slow is the charging of a con- 
denser, such as a large Leyden jar, with the help of 
a glass rod, or even by means of an electric machine 
(see pp. 88 and 116), it will strike you that now 
we have come across a source of electricity of low 
degree of electrification, but in comparison with 
electrostatic sources of supply, of large quantity, as 
will be evident later on. 

Figuratively speaking, the electric current gener- 
ated by the influence machine resembles many drops 
of water which follow each other very closely, and 
when they have been collected, are forced out with 
great power and velocity, as from a syringe, while 
the electric current of our cell flowing through the 
connecting wire is like a large volume of water gliding 
onwards with an almost imperceptible fall. The jet 
of a strong fire-engine has the power to demolish a 
brick wall; but, on account of the slight pressure it 
is able to exert on a comparatively small surface, it 
cannot turnamill-wheel. We shall, therefore, expect 
that, under certain circumstances, our “element” 
will show much greater dynamical effects than the 
influence machine, and this you will soon see. 

We have learnt that the difference of electric level 
or polar difference at the free poles of the source of 
electricity furnishes a measure of the magnitude of 
the electromotive force of the apparatus. Now, with 
the help of the condenser before used for the con- 
struction of the graduation scale, we have found the 
polar difference of our voltaic copper and zine cell to 
be 1:7 degrees. After a few minutes’ rest, I repeat 
the experiment, and find itis only 1°3. I connect the 


electrodes in the way before mentioned (see B, fig. 85) 
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so that a closed circuit is established (copper, wire, 
zinc, diluted sulphuric acid, copper), and after a few 
minutes | again measure. The divergence is scarcely 
0°5. Once more I close the circuit for about ten 
minutes, and the polar difference is only 0°3, that is 
to say, the electromotive force of our cell has decreased 
quickly, and the action of the cell 7s not constant. 
What now is the source of the electric current generally, 
and why does its action decrease? To decide these 
questions we must endeavour to follow the process in 


Fic. 87,—Cell arranged for projection, 4 natural size. Two pairs of zinc and 
copper rods are immersed. The two on the right are connected at the 
top. The rubber bands are cut away in the left-hand figure. 

the interior of the cell, or at least to examine what 

changes take place in those parts of the two metals 

which are immersed. 

A flat glass trough (G, fig. 87) is furnished with two 
plates (6 x 9 cm.) of plate glass with smooth edges, in 
such away that a piece of strong rubber tubing, arranged 
in the shape of a horse-shoe (g,) with an upright centre- 
plece (92), is placed between them. These are kept 
in position by four thick rubber bands (b’ b’), and the 
whole stands in a groove in a wooden block (H). In 


the interval between the ends of the rubber tubes 
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I fix corks, and through them I put a couple of rods, 
of zinc and copper. Lach zine rod has a hook soldered 
at its top, and each copper one a spring wire loop. If I 
bend the latter under the hook, the cell is connected up. 

Now I place the apparatus on the projection table 
(fig. 88), and pour in, without connecting up, diluted 
(10 per cent.) sulphuric acid through a small funnel. 
You notice no particular action as yet. But immedi- 
ately I link up the right cell (6) on the left of the 
projection (8, fig. 88), you see a vigorous movement 
in the liquid, and to the copper rod, marked by a loop, 
bubbles attach themselves, which presently envelope 
it, and then sink down again. 

A few moments later, I take out the rods and wipe 
them—the copper wires are unchanged. The zine 
rod of the cell which was not closed, exhibits hardly 
any sign of action; whereas, the other looks as if 
it had been eaten away and is in parts black. I 
amalgamate the zinc rods: that is, I immerse them 
in diluted sulphuric acid and rub upon them a 
drop of mercury, so that the zinc surfaces, as far as 
they are to be immersed, appear as if silvered over. 
If I now repeat the experiment, the result is the 
same, but both rods remain bright. If, however, 
the cell is closed for some time, we notice that 
the zinc rod gradually grows thinner. We therefore 
conclude that the zinc rod is being used up. The 
action is the same if zinc and carbon are immersed in 
a solution of bichromate of potash. At the side where 
the cell is closed, the fluid becomes visibly darker. 

Chemical experiments have proved that the little 
bubbles which ascend from the copper rod, and 


almost cover it, consist of hydrogen, while the 
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fluid becomes zine sulphate (ZnSO,). The bubbles 
charged with +, surrounding the copper rod, hinder 
contact with the fluid and generate an electric counter- 
pressure which we shall know later under the name 
of ‘electric polarization.” This gives us the clue 
to the weakening of the electric current in the 
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Fic. 88.—Projection of a voltaic element, vs (the scale ='5) natural size. 
Cf. Appendix, 24, p. 398. 


voltaic cell; but whence comes the electric current 
of the cell: that is, where is the seat of the excitement 
of electricity ? 
Zine has been decomposed—that is, changed into ees the 


sulphate of zinc—therefore zinc has taken the place of electric 
current. 


Historical : 
Galvani, 


Volta’s con- 
tact theory. 
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the hydrogen which was set free. Experiment also 
proves that, in the case of any combination of two 
metals dipping into diluted acids, an electric current 
only arises when chemical action takes place, and then 
— E always appears at the protruding end of the rod 
which is most strongly attacked by the acid. And 
further, as it was shown that the electricity generated 
Increases in proportion to the amount of metal used, 
we inay take it for granted that the chemical action of 
the fluid on the rod affected, or, better, the action of 
the metal upon the fluid, is the cause of the excite- 
ment of electricity. In fact, the chemical energy 
liberated by the apparent decomposition of the zinc 
is the cause of the electromotive force, or, more 
accurately, of the electric energy. This view, adopted 
by us, is called the chemical theory of the electric 
current (De la Rive and Faraday, 1836). 

When Louis Galvani, professor at Bologna, dis- 
covered accidentally in 1789 that an observation 
which had already been made by Coldani in 1756 
was correct, or perhaps discovered it anew—namely, 
that recently killed frogs, when brought near a dis- 
charging electrical machine, exhibited a twitching of 
the limbs—he determined to probe this phenomenon 
further. Accordingly, he hung upon a copper wire 
connected with the iron balustrade of his balcony the 
prepared legs of a frog. As soon as the wind blew 
them against the balcony, they jerked convulsively, 
and Galvani imagined that he had discovered a new 
kind of electricity, flowing like a fluid between nerves 
and muscles. This, however, proved a mistake. 

As you will understand, the main action in the 


above case is, the connection, through the moist 
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muscles of the frog, of two different metals. The 
credit of first noticing this is due to Volta, the 
discoverer of the condenser, and professor at Pavia 
in 1793. He discovered that mere contact between 
two different metals was quite sufficient to charge 
the two of them with opposite kinds of electricity. 
According to this, contact between two different metals 
is the main cause of the electromotive force, and the 
stratum of fluid is of only secondary importance. The 
contact theory only gained the victory over Galvani’s 
theory after severe struggles and the slaughter of 
many innocent frogs, and (although in a different 
form) it has at the present day many followers. 
Recent observations by Exner, Ostwald, and others 
have established as a fact that during the apparent 
contact of two plates of different metals (Volta’s 
“fundamental experiment,” cf. Appendix, 25, p. 399), 
a microscopic stratum of moisture or of condensed 
gases plays an important part in bringing about 
the difference of electric level in the metals, and 
that the nature of the gases surrounding the plates 
before contact has great influence not only upon 
the magnitude, but also upon the sign of the charge 
of the two metal plates. Hence we shall confine 
ourselves to the chemical theory, and not go any 
further into the contact hypothesis. This we do 
with greater readiness, because the chemical theory 
is the simpler, and the choice of a theory has no 
influence on the understanding of what is to follow. 
Dynamic electricity generated by means of a cell 
is called, in honour of Galvani, ‘“‘oalvanism,” or 
galvanic electricity. Yet a more appropriate name 


would have been voltaic electricity, and in fact many 
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men of science call it by this name. Before the 
chemical theory arose, it was also known as “contact 
electricity,” and this expression is still frequently 
found. 


Let us now return to our experiments. 

We observed the troublesome effect of the hydrogen 
upon the copper. Cannot the formation, or at least 
the accumulation, of this gas be hindered? Certainly 


Fie. 89.—A. Daniell’s cell [zinc (Zn) in 10 per cent. sulphuric acid (or in a 
solution of zinc sulphate) ; copper in saturated solution of copper sulphate], 
ry natural size. B. Bunsen’s, »; natural size. Carbon (C) in solution 
of bichromate of soda ; zinc (Zn) in diluted sulphuric acid. 


it can, and chemistry furnishes us with the very 
means of doing this. Blue vitriol or sulphate of 
copper (CuSO,) is easily soluble in water. If we dip 
the copper rod in a solution of sulphate of copper, 
separated from the diluted acid by a porous 
vessel, in which the zine rod is placed, no hydrogen 
bubbles appear; but copper is set free from the 
solution and precipitated upon the copper rod. To 
this we shall refer again later. A, fig. 89, illustrates 
a cell of this kind invented by Daniell in 1836, in 
which a porous cylinder T separates the two fluids. 
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This cell is very constant, especially if the zine is 
amalgamated and stands in a solution of zinc sulphate 
in water instead of diluted sulphuric acid. 

Still more effective is the constant Bunsen’s Bunsen 
Bichromate cell, which in appearance is the same as “" 
Daniell’s (B, fig. 89). Instead of copper, a plate of 
gas charcoal, dipping into a solution of bichromate 
of soda, is used. The amalgamated zinc is immersed 
in diluted sulphuric acid. Usually the outer zinc 
cylinder, in this arrangement, has a copper strip 


. Fie, 90.—Simple immersion battery, 4 natural size. 


soldered on to it, to which is fastened the binding 
screw for the conducting wire. If sulphuric acid be 
added to chromic acid (cf. Appendix, 26, p. 400), it is 
only necessary to immerse the two plates (Zn and C) 
in a solution such as this, to keep the action of the 
elements more or less constant for a long time. By 
this means we have the power of setting up a very 
convenient immersion cell, of which, later on, we 
shall often make use (see also fig. 116, p. 250). 
Before you is a small immersion battery (fig. 90). 


Its cells resemble that described above (fig. 85, p. 193), 
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except that for the copper rod a carbon one is substi- 
tuted." The rods are insulated by rubber bands. A 
small wooden slab B contains holes into which thick 
glass beakers are inserted. Two brass rods (S, S,) 
have conducting wires (d, d,) at the ends, and six 
holes (/) are bored along the sides of each rod, into 
which the conducting wire and the electrodes of the 
several cells may be fixed. | 

Wood as a As you perceive, the brass rods are separated only 

Bae *" by a length of wood, and yet it is quite sufficient to 

currents. insulate them from each other—that is, in the case of 
the galvanic current. When the sources of electricity 
drawn upon are of a high degree of efficiency, as, for 
example, the influence machine and the dynamo which 
we shall meet with later on, then the insulation 
would not be anything like good enough, as the 
pressure exercised by the electricity in its endeavour 
to effect a junction increases in proportion to the 
polar difference. 

For electrodes we make use of red and green 
flexible cords, such as are used with portable electric 
lamps, each end of which is soldered to a tinned brass 
wire 60 mm. long and 14-2 mm. diameter.? Pieces of 

1 For a space of about 8 mm. the upper end of the carbon rod 
is coppered (electrotyped), upon which, when properly dried, the 
soldering of the wires is easily done. The employment of pure 
tin as solder is, in this case, as with the wires, very advantageous, 
although soldering with it is more difficult. The cleansed soldered 
place remains bare. 

* The free ends of the tinned wire are first bent into a spiral 
circle with a diameter radius of about 3 mm., the slightly pointed 
ends of 15 mm. hammered flat, and bent back in the original 
direction. In this way the wire is easily fixed in the clip or in 


the ordinary pierced binding screw. The first method gives much 
safer contact. 
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silk ribbon of the same colour are bound tightly round 
the solderings. In all cases the positive pole will 
be connected by means of the red-covered wire, and 
the negative by green, so that the kind of con- 
nection can be seen from a distance. 

We will first estimate the polar difference (and 
at the same time the electromotive force propor- 
tional to it) of the cells by the aluminium electro- 
meter. We get, as you see on the projection screen : 
Reese; 1795; 1:96; 1°94: thatis to say, af 
exactly the same arrangement is adhered to, the scale 


-} 
— $$$ aS ae 
A : : 
dy _ 
—_—_————— = re 
Arrangement in Parallel, 
dy 4 


Arrangement in Series. 
Fic, 91.—Different arrangements of the galvanic cells in a battery. 


indicates—apart from unavoidable errors of reading— 
an exactly equal electromotive force. 

Now comes the question: Will the electromotive 
force be changed, if we combine the cells in groups of 
two, three, etc. ? 

How, now, shall we arrange them? ‘Two courses Parallel 
are open tous. We may join together all the carbon ene 
rods and all the zine ones (A, fig. 91); or we may 
join the zine rod of the first cell to the carbon 
rod of the next, and the zinc of this to the carbon 
of the third, and so on (B, fig. 91). The first mode 
of combination or arrangement is called the multiple 


are or parallel arrangement, because it corresponds 
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to streams of water all flowing into the sea by the 
same mouth. In the other mode, called arrangement 
in series, or in succession, the electric current flowing 
from carbon to zine passes from cell to cell. Such a 
group of connected cells is called algo battery or chain 
arrangement. 

Now we will connect our cells first in the parallel 
arrangement and then in series, and observe their 
effect on the electrometer. At the same time, in order 
to see the results at a glance, we will tabulate the 
figures given. 


MBASUREMENTS OF THE ELECTROMOTIVE FoRCE ON THE 


ELECTROMETER. 
Arrangement. 
No, of 
Cells. i 
(a) In Parallel. (5) In Series. 
| Divergence, Divergence. 

1 | 2:0; se ae 
2 “fs c+ + «| 4:0; Ey =2 (exactly). 
3 2°0 + Unchanged . | 5-9; E, = 3 (almost exactly). 
4 mie |. - + + «| 09; E,=4 (nearly), 
5 9°8; E; = 5 (nearly), 


From this we see that in the case of the parallel] 
arrangement the electromotive force remains un- 
changed, while in that of the series arrangement it 
increases with the number of elements and is pro- 
portional to it. 

We have in the above case employed the same kind 
of cells. Perhaps if we combine elements of different 


sorts there will be a variation. 
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Fig. 92 is an illustration of an easily set up Model ofa 
Daniell’s cell. The U-shaped glass tube is fixed in 7st cell. 
a block of wood, and in the bend some loosely packed 
glass-wool or asbestos wadding is placed, so that the 
fluids can only trickle through it slowly, and then not 
be able to mix entirely, by which means the constant 
working of this cell is favoured. Into one leg of 
the tube I pour a solution of copper sulphate, and into 


Fic, 92,—Small constant cell, # natural size. 


the other a solution of zinc sulphate, and push the 
copper and zine rods through corks fitting into the 
tubes. The electrodes have insulated handles (2) of 
coloured silk cord (p. 205). A similar vessel may be 
made use of for Bunsen’s Bichromate cell (p. 203). 

By the electrometer we get a measure of the 
electromotive force (the mean of five readings). 


1 Daniell = 1°05; 1 Bichromate = 2°0. 
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The two placed in parallel yield 1:95; in series 3°05 
(= 1:05 + 2:0). 

In the parallel arrangement the electromotive force 
of dissimilar cells is hardly as great as that of the 
stronger; but in the arrangement in series it is 
equal to the sum of the electromotive forces of the 
separate cells. 

What will take place if I arrange the cells in such 
a manner that the current of the one works against 
that of the other? For this experiment very con- 
stant cells must be used, wherefore I cannot employ 
the immersion cells as before. I connect the zinc rod 
of the Daniell’s cell with the zine rod of the U-shaped 
bichromate cell, and hold the electrode of the carbon 
to the electrometer plate, that of the copper one to 
the upper or condensing plate. After lifting off 
the upper condenser plate, the electrometer exhibits 
only 0°9 and +H, as the electrified flint-glass rod 
indicates. Now 0°9=2°0—1°05 (nearly): that. is, 
the electromotive force when two cells are connected 
in opposition is equal to the difference of their 
electromotive forces. 

If we let the electromotive forces of the two cells 
be denoted by E and e, then we may write: 


H-e=E+(—e)=2:0+(-1:05)=0°95 (observed 0:90). 


Therefore, we can state generally : 

In the series arrangement of cells, the electro- 
motive force of the battery is equal to the algebraic 
sum of the electromotive forces of the separate cells, 

Formerly the electromotive force of a Daniell’s cell 
was taken as the unit. Now the volt is the practical 
unit (cf footnote, p. 185). ae Daniell’s cell = 1-07 volts. 


VARIOUS FORMS OF CELLS 


The number of the various galvanic cells is very 
great. [I am not able to give you examples of all 
of them, or even of those most generally used. We 
shall nearly always employ either a Daniell’s or a 
Bichromate cell. Since the shape of the containing 
vessels is indifferent, with the help of our U-shaped 
tube, and its division of glass-wool, [ will at least 
set up for you small models of the most important 
kinds of constant cells, so that we can compare the 
electromotive force of each with that of the Daniell’s 
cell. 

1. Daniell's cell.—Copper in solution of sulphate 
of copper; zine in diluted sulphuric acid (or zinc 
sulphate solution). 

». Leclanché’s.—A mixture of carbon with powdered 
manganese ore and coke; zinc (amalgamated) in 
solution of sal-ammoniac (which also fills the free 
space in the other leg). A very constant cell. 

3. Grove’s—Platinum in concentrated nitric acid : 
amalgamated zinc in diluted sulphuric acid. (As nitric 
acid attacks cork, and so may set free noxious fumes, 
rubber stoppers must be used. ) 

4. Bunsen’s.—(a) Hard carbon (gas-coke) instead 
of platinum, otherwise a Grove’s cell. (6) Carbon in 
solution of bichromate of potash: zinc in diluted 
sulphuric acid (made by Grenet as immersion cell). } 

5. Latumer Clarke’s cell (often used as standard 
cell).—Platinum in solution of zinc sulphate; chemi- 


\ 


' Grenet’s cell has no porous pot, and the zinc and carbon plates 
both dip into the same solution, consisting of 1 part of potassium 
bichromate, 2 of sulphuric acid, and 10 of water. In England, 
this alone is called a Bichromate cell. Its invention is attributed 
to Poggendorff,— Fd. 
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cally pure, not amalgamated zinc, in a stiff paste 
of mercurous sulphate. H-shaped vessels must be 
used. (A porous diaphragm is not necessary.) 

6. New cell, invented by G. P. Bousfield.—Inside 
a porous beaker, carbon in nitric acid.—Outside, 
zinc in solution of soda (Hlectrician, lii., 1904, 
p. 1024.) 

7. Weiler’s cupron cell.—A plate of oxidized 
copper suspended between two amalgamated zinc 
plates in caustic hydrate of soda. This cell has at 
the beginning an E.M.F. of a little over 1 volt. The 
electromotive force declines during use to 0°8 volts, 
and then remains (even when closed for some time) 
very constant. The copper plate, after being dried 
in a warm place, is after twenty-four hours again 
ready for use or regenerated. 

8. Lhe dry cells consist of zine and carbon plates 
embedded in sand, damped with a solution of sal- 
ammoniac, or in a correspondingly treated mass of 
gelatine. They are not very constant, but very 
convenient for use, and relatively very cheap. | 

To obtain comparative results, we will let all the 
cells work a short time, that is to say, I will connect - 
their poles by wires, so that the current runs through 
them for about five minutes and a kind of equilibrium 
results. 

After this we will proceed to measurement, taking 
care always to connect the positive electrode directly 
with the electrometer, since by variable charging of 
the condenser plates, disturbances might be caused. 
(In the following table the electromotive forces are 
given in volts.) 
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ELECTROMOTIVE FoRCE OF SOME ConsTANT ELEMENTS. 


(a) in Volts. (6) Daniell = 1. 
1 Daniell . wei volts... aah 
1 Grove . » ae : : . 19 Daniell 
1 Bunsen. 1°9-2:0 _,, op GS Be 
1 Clarke, . » ALE ee ; eed \ 
1 Leclanché ml oy... it, AEP Ee 
1 Bousfield wera i Pe 
meapron cell! . 0-8 .,, Se Ue dan 
1 Dry cell 13-15 ,, ob ear, 


These numbers give you a standard for judging 
the electromotive force of the cells. As to their 
use, we must be guided by questions of the electro- 
motive force, the constancy or the convenience, and 
finally of cost. For practical purposes, for the last- 
named reason, Leclanché’s cell is usually employed, 
while in physical laboratories bichromate or cupron 
cells are used. 


We have thus gained a knowledge of the action 
of the “open” (ze. not connected by conductors) 
poles of the cells, and next we shall turn our 
attention to the closed circuit, 
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CHAPTER III 


Demonstration of the fall of the stream in the galvanic current. The 
commutator. Mutual attraction and repulsion of conductors 
carrying current. Ampére’s parallelogram. Directive action of 
movable conductors and solenoids. Reciprocal action of two con- 
ductors. Effect of magnet upon a movable conductor. Directive 
action of a solenoid. Electro-magnets. Deflection of magnetic 
needle by galvanic current. Ampére’s swimming rule. Law of 
direction of current. Ampére’s hypothesis of magnetism. Lodge’s 
experiment, The galvanoscope. Difference of readings of galvano- 
scope and electrometer. The multiplying galvanometer. The 
solenoid galvanoscope. Difference of dynamic action in a gal- 
vanic cell and an influence machine. 


In the preceding chapter we learned the existence of 
a new source of electricity. We saw that, under 
certain circumstances, metals, when brought into 
contact with fluids, became permanently electrified. 
But the degree of electrification attained thereby was 
so small that we had to call in the aid of the aluminium 
electrometer and its condenser to convince ourselves of 
the presence of free electricity at the protruding ends 
or poles of the conducting wires. We learned that: 
(1) If two metal rods are dipped simultaneously 
into a suitable fluid, the protruding end of one of 
them receives a charge of +E, whilst the other 
indicates —E. This difference of electrical polarity 
was immediately restored after the pole had been 
conductively touched, and continued so long as the 


chemical action was unweakened. Hence in chemical 
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action we discover the cause of the electromotive force 
of the cell. 

(2) The difference of electric level of the free 
poles of a galvanic cell forms a measure of the electro- 
motive force; but the volt is the practical unit of 
electromotive force. A Daniell’s cell corresponds to 
1°07 volts, a freshly charged bichromate cell to about 
2 volts. 

(3) [f several constant and similar galvanic cells 
are arranged in parallel, the electromotive force is the 
same as in a single cell; but when they are arranged 
in series, the electromotive force increases according 
to the number of elements. If the latter are of 
unequal electromotive force, then in the arrangement 
in parallel the entire electromotive force of the 
battery equals the algebraic sum of the single cells, 
as also is the case when single cells are coupled 
together in pairs. 


So far our experiments have been confined to the 
proof of electricity at the free poles of the galvanic 
cells. We will now follow—as we did in the case of 
the influence machine—the fall of the current in a 
closed circuit. 

But as, according to our experience, the difference 
ef level of the poles decreases very quickly if 
conductive connection is established and an electric 
current is thus evoked, and as the polar difference in 
comparison with the electric machine is very small, 
we must have a battery or chain of many cells. 
We will employ small batteries of Daniell’s cells (cf. 
fig. 92, p. 207). Ten batteries of five elements each 


in series will suttice, as we shall thus have the electro- 
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motive force of one cell increased fifty fold. In A, 
fig. 93, you have the illustration of a small battery 
of the kind. By means of the wires d, d, fitting 
into the holes in the brass stands, we connect the 
five batteries together. The wooden block H gives 
them more stability, and at the same time makes 
them more portable, and we are also thus able to 
use groups arranged in parallel. 

We still require a suitable conductor. Here (R, 
fig. 94) you see hanging by two strings, over the 


‘Fic. 93.—Small battery of 5 Daniell’s cells. re 


Bl ; B, 4 natural aires 
experiment table, a wooden frame, on the upper 
side of which ten German silver pins are screwed, 
and on the lower one eleven. Their protruding ends 
are pointed, so that each fits into the aperture of a 
plug-switch (KS IT.). 

A manganin wire of 10 m. long and 0°6 mm. thick 
is divided, as nearly as possible, into ten equal parts. 
Beginning at the lower part of the frame, I fasten 
each division point to the pins (0, 1, 2, 3, .. . 10); 
then, taking hold of the middle of each of the parts 
hanging down, I hook it on to the corresponding pin 


at the top of the frame. Thus the whole wire forms 
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a pretty long conductor. Pins 0 and 10 I connect 
by means of flexible wire cord with the battery B of 
fifty cells, but only during the time of measurement. 
With two thin silk-covered copper wires, each 
having one end fastened to a plug-switch, whilst the 
other carries a small handle (w.) of sealing-wax, I am 
able to connect together every pair of pins for a moment, 
in order to decide the difference of level between these 
two points in the current. Between the points 0 and 


|S i nny TSUN 


mn 


aE aaa as it, 
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Fic. 94. —Proof of fall of stream in conductor, +s natural size. 
R. Conductor; B. Battery of 50 cells ; E. Electrometer; II. Switch-plug. 


10 (fig. 94) we get 8:2 scale divisions. As the 
whole length of the conducting wire is divided as 
exactly as possible into ten equal parts, we may 
expect that, between the points 0 and 1, 1 and 
2, etc., the tenth part of this difference of level 
should be indicated (p. 183). This is in fact the case, 
for the electrometer shows almost a constant 0°8: 
that is to say, with a uniform current conductor, 
the difference of level between any two equally 


distant points in the current is constant. 
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This experiment is—on account of the condenser— 
perhaps open to objection ;? still, it is sufficient, for 
the present, to give you an idea of the existence of 
a fall in the current. It is very difficult to prove, 
with the few cells at our disposal for this purpose, 
that the free electricity from one pole (0) to the 
other (10) constantly decreases. Still, we will try. 
I connect—for a moment—the plate of the electro- 
meter (fig. 94) with the pin 0, but at the same time 
I earth the upper plate. After lifting off the upper 
plate the electrometer indicates +E =3°3, but at the 
pin (10) -—E=8°5. Between 1 to 5 the charges 
decrease and are positive; from 6 to 10 they increase 
and are negative. The zero point in the manganin 
wire lies between 5 and 6. You thus see that we 
meet, in the main, with the same phenomena that 
we observed when we used the influence machine. 

We will now go a step further and enquire : 
What is the effect of the electric current on its 
surroundings ? 

First, we will examine whether the conductors, 
through which the current flows, mutually attract 
and repel each other, as we observed was the case 
with electrified bodies—for instance, with the electri- 
fied pendulum. With this object we will use very 
mobile current conductors, and observe whether 
another conductor, when brought near to them, 
exercises any influence upon them. 

As, later on, we shall frequently be obliged to turn 
the current into a particular direction, we will make use 


' Later an apparatus will be shown, which affords a much 
more convenient and accurate way of determining the fall of 
potential (figs. 130, 131, pp. 289, 290). 
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of an apparatus which renders this possible without 
the necessity of also changing the electrodes. A current 
changer of this kind is called a commutator (fig. 95). 

A small cylinder (T’) of ebonite, possessing a dis- 
continuous axis whereby the two ends are insulated 
from each other, is fixed between two brass supports 
(s; 52) and made to revolve by means of the handle 
(g). The supports are connected with the binding 
screws (p, p,) by copper strips. Two metal plates 
(m, mz) are fitted on the cylinder, and in such a 
position that, when it is at rest, they are exactly 


Fie, 95.—Riihmkorft’s eommatatar: with automatic current direction 
indicator (Z), natural size. 
opposite to each other. A copper strip from one 
axis connects this last with m,, and another from 
the other axis connects it with m. f, fp are two 
brass springs, which press against the cylinder, and 
are both in contact with the metal plates (m, m,). 
When the cylinder is in a certain position the springs 
(fi fz) are joined to the binding screws (k, ky) by 
strips of copper. If the binding screws (p, p,) are 
connected to the electrodes of a single cell, and f, 
and k, are joined by a wire, then the current flows, 
in one position of the commutator (B, fig. 95), from 


p, through k, to k,, but in another position of the 
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cylinder (C, fig. 95) from p, through , to k, ; therefore, 
in the position of the conductor between hk, and k, the 
direction of the current will be changed, if the handle 
(g) makes a half turn. In the middle position of the 
cylinder, the springs (f, f4) are not in contact, hence 
the current is interrupted. Over the lengthened axis 
of the cylinder a brass tube is pushed, to which 
a German silver 
pointer (Z) is sol- 
dered. In fig.95,A, 
the pointer or indi- 
cator is soldered to 
a small tube which 
is pushed over the 
end of the axis of 
the cylinder. Then 
the indicator turns 
Fie. 96.—Miihlenbein’s portable current con- with the ey linder 
ductor (S), modified and simplified, 4 natural and shows the 
size. R has fifteen turns of wire. . : 
altered direction of 
current in the portion (k, ky) (A, fig. 95) of the 
conductor, as you will see, | : 
A movable current conductor is made from a 
narrow strip of the finest tinfoil, about 28 em. long, 
and 5 mm. broad. This I fasten to the ends of con- 
veniently shaped strong brass wires (D, D,, fig. 96), 
fitted to the commutator. D, should be at such a 
distance from D, that the strip S may hang loosely. ! 


* At the end of the brass wires (D, D,), which are about 3:5 
mm. thick, small slits are sawn about 8 mm. deep, and into these 
I push the ends of the tinfoil strips doubled up several times ; 
then I bind the onter ends of D, D, fast with strong copper 
wire (cf. A, fig. 109, p. 234). 
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If I now connect the other terminals of the com- 
mutator (those marked + and — ) with the corre- 
sponding poles of a bichromate cell (fig. 116), then the 
current flows in the direction of the indicator (Z) 
through the tinfoil strip. A fixed conductor is made 
of silk or cotton covered copper wire. This I bend 


in fifteen turns to the shape of a frame (R, fig. 96), 
which I stand upright in a wooden block (H), having 
bound together the corners with thread. The ends 
of the wire I[ lead to terminals, which are con- 
nected with a second bichromate cell. To indicate 
to you the direction of the ‘ F 
current, a paper arrow is ° s 
fixed to each side of the | | i} 
frame. \ / 

Now I push the wire - ; 

i ; D 
frame R over the tinfoil Fic. 97.—Action of a fixed current 
strip, which | beg you to conductor on a movable one, +5 

: natural size. 

observe carefully. While 

up to this the tinfoil hung loosely down (8, fig. 97), 
now it is blown out and lies first towards one side 
and then to the other of the wire frame (B and C, 
fig. 97), according as I change the direction of the 
current. It gives one the impression of the tinfoil 
strip being attracted, first by the R and then by the 
L half of the frame. A glance at the indicator of 
the commutator shows that the movable conductor 
is attracted to that side of the frame where the 
current has the same direction as itself. 

Now I modify the experiment by placing the 
wire frame quite close to the tinfoil strip and close 
the circuit. When the current is in the same 
direction there is attraction, but when it is opposite 
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there is a distinct repulsion (D, fig. 97). We there-— 
fore derive the following rule: lectric currents 
flowing in the same direction attract each other, 
those flowing in opposite directions repel one another. 

If our observation is right, then a current con- 
ductor, free to move, will strive to place itself in 
the same direction and parallel with another which 
is placed near it; therefore, under certain condi- 


‘Fic. 98,.—Modified and simplified Ampére’s parallelogram, 7p natural size. 
B. Contact cup, 4 natural size. (The platinum should just dip in.) 
R should consist of ten turns. 


tions, it displays a directing force. We will now 
put this to the test. 

An open wire frame, the “solenoid” (R, fig. 98 A), 
consisting of ten turns of covered copper wire 0°5 
mm. thick, is suspended from a fine hair (or from an 
unspun silk thread), in such a way that the ends, to 
which platinum points of 40 mm. length are soldered, 
just dip respectively * into two small cups of mercury, 


1 Tt is recommended to flatten the end of the wire dipping into the 
outer cup, so that it may turn more easily in the mercury. The wires 
must dip in very slightly, and the mercury must be very pure. 
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one inside the other (fig. 98, B). Both mercury 
cups are insulated from each other, but joined by 
platinum wires to binding screws (p p), which I put 
in connection with a bichromate cell by means of 
the commutator. The thread, which is several times 
wound round the drum (¢), may be shortened or 
lengthened. A slight turn of the arm (a) renders 
a sideways movement of the thread and parallelogram 
possible; while the slide on which the cup stands 
may be moved backwards or forwards, so that it 
is always possible to suspend the straight end of 
the wire perpendicularly over the middle point of 
the mercury cup, and then the frame can be let 
down and the circuit closed. A pin fastened to the 
parallelogram carries a small cardboard arrow, to act 
as current indicator (Zz). On one side it is painted 
red, on the other green. 

As fixed current conductor, a frame of strong copper 
wire (R,, fiz. 98 A) will serve ; it is fixed in a movable 
block, and provided with two metal current indicators 
(Z, Z,). This frame may be moved as near as desired 
to the movable one (R,). This apparatus, here 
modified and simplified, is called Ampeére’s parallelo- 
gram. 

Now I connect the terminals of the fixed wire 
frame (R.) with a bichromate cell, place the indicator 
inside, and push the frame up to the movable one, 
so that one vertical side is to the front (A, fig. 99). 
You see, the movable conductor turns round so that 
the current in the part brought near flows in the 
same direction. I turn the fixed frame round 180’, 
and immediately the movable conductor moves and 


places itself correspondingly (B, fig. 99). Now I 
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interrupt the current in the commutator, push the 
fixed frame so far forward that the middle points of 
the two coincide, and close the circuit. Immediately 
the movable conductor swings round, wavers to and 
fro once or twice, and then places itself so that the 
currents take up the same parallel direction (Ampere). 
Now I connect both bichromate cells in series with 
the commutator, and therefore with the moving wire 
frame, and close the current corre- 
sponding to the indicator. ‘The ring 
turns slowly, and assumes such a. posi- 
tion that the arrow points to the 
east. Isthatmerely chance? 1 turn 
R Wie the arrow through 180° and reverse 
| wt the current, which new direction is 
again shown by the arrow; but the 
result is the same. In both cases 
the current flows from the top east- 
wards, or, if you look from the north, 
in the reverse direction to the hands 
Wid. bo oes of a clock. Whence comes this ? 
force of a fixed cur- ‘[he wire frame, through which a 
rent conductor upon : 
a movable one, #, current of considerable strength flows, 
mers exhibits a directing force just like 
a magnetic needle, except that it assumes with 
its poles a north-south direction, its plane there- 
fore being west-east. This directing force can —as 
there is no other cause—only be an effect of the 
magnetism of the earth. If this supposition is correct, 
then a magnetic rod brought near must exercise a 
directing force upon the movable conductor. The 
testis simple. I approach the south pole of a magnet 
to the edge of the wire frame (A, fig. 100). Notice 
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how the ring immediately makes a quarter turn, and 
offers to the south pole of the magnet the surface 
which before was pointed to the north. The opposite 
action occurs if I present the north pole of the 


Fic, 100,—Action of magnet on movable conductor, # natural size. 


magnet (B, fig. 100). This striking phenomenon 
evidently proves that there exists some relation 
between the electric current and a magnet. To 
examine into this is now our task. 

I replace the wire frame of our apparatus by a The solenoid. 
helix of hard and stiff silk-covered copper wire 


hig ie es — see 7 = 


Fie. 101.—Spiral solenoid, with current direction marked, 3 natural size. 
(Diameter of coil, 50-60 mm.) 


(fig. 101), coiled in such a way that the ends meet; 
they are then bound together with silk threads, and 
one of them is bent so that the platinum wires 


soldered to them may dip into mercury contact cup 
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(cf. fig. 98, p. 220). To indicate the direction of the 
current, [ hang two differently coloured paper discs on 
the hooks (h) of the solenoid. These discs are made 
of stiff paper, painted one side red and the other green. 
On the red side an ‘‘N” and two arrows, made of 
white paper, point in the opposite direction to that in 
which the hands of a clock move. On the green side 
are an “S” and two arrows pointing as move the 
hands of a clock (B, fig. 101). 

Now I close the circuit, so that the current has the 
direction of the arrows on the solenoid. Immediately 
the solenoid moves and puts itself north and south. 
As a glance at the arrow shows, the stream again 
flows over to the east. 

Now I turn each of the paper discs and change the 
current. Again the red end points north, and the 
stream again flows, of which we can easily convince 
ourselves, in the direction of the arrow. Now, I 
bring from a side direction the north pole of the 
magnet—the solenoid swings violently round and 
turns its green end to it, when the current flows as 
the hands of a clock move. When the south pole is 
approached the opposite movement takes place. To 
test it, I quickly present the north pole of the magnet 
to the red end of the solenoid. This is repelled, and 
also the green end from the south pole. We gather 
_ from this that : 

Between a magnet and a solenoid, through which 
an electric current flows, exactly the same phenomena 
of polar attraction and repulsion take place as we 
observed between two magnets; and, indeed, the end 
of the solenoid, when the current flows in the direc- 


tion of the hands of a clock, behaves like a south- 
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seeking magnetic pole ; the other end, therefore, when 
it circulates in the contrary direction, behaves like a 
north-seeking pole (Weber, Ampére). 

Has, then, the solenoid, traversed by the current, 
become a magnet? I take a glass tube (g, fig. 102) 
and wrap it round with twenty to thirty turns of 
silk-covered copper wire (about 1 mm. diameter) and 
connect the ends with a bichromate cell, but insert 
in the circuit a switch or key in order to be able to 
close or open the current at will. This key (S) consists 
of a wooden block, in which a cup-shaped hole is bored 
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Fic. 102.—Magnetic effect of a coiled wire, 4 natural size, 
S, mercury switch. 


and filled with mercury. Two steel wires (d, d,) are 
fastened so that one dips in deeply, the other, bent 
into a hook, sways over the surface of the mercury, 
and so by simple pressure from the finger it may 
be immersed in it and contact be thereby established. 

I hold the wire coil just above a little piece of 
sheet-iron (e) and close the circuit. The iron is 
attracted, but falls away again if I break the circuit. 
Now I bring one end of a suspended magnet needle 
near: the ends of the needle are attracted, just as if 
the coil were a magnet, but only for so long as the 
current flows in it. A coil of wire through which a 


galvanic current flows possesses veritable magnetic 
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properties, which vanish without trace if the current 
is interrupted. 
Now comes the question : Can we by means of the 
electric current form artificial magnets ? 
Different We saw before (p. 169) that iron and steel conduct 
behaviour of : : : 
ironand themselves differently when magnetized. We will, 
ey therefore, test both of them. A wooden frame (fig. 
103) has two holes in its upper cross-piece, through 
one of which I push a bar of soft iron (e), and 
through the other, one of the same size, of steel (s), 
and fasten them both with 
screws. Now I wrap 
round each rod fifteen 
windings of silk covered- 
copper wire, and carry the 
ends to two binding screws 
(k, k,), which by insertion 
of the contact key I con- 
= nect with a_bichromate 
battery. If I close the 
circuit, both rods exhibit 
magnetization ; but while 
the soft iron rod (e, fig. 103) can support a long 
chain of pieces of iron, on the steel one (s) I can 
only hang one piece; the second falls. Yes—now 
it clings to it! After a little time I can add 
another piece of iron; still the lifting power of the 
steel rod is considerably smaller than that of the 
soft iron rod. Now I cut off the current—from the 
iron rod all the pieces except one fall immediately, 
but from the steel not one. 
I take away the pieces of iron from both rods and 


again present them to the poles: the steel rod has 
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preserved its magnetic force, but the iron appears to 
have become entirely demagnetized. We will now 
repeat the experiment, but first stick bits of thin 
paper on the poles of both rods. Both exhibit a 
somewhat smaller lifting force than before, and, when 
the current is switched off, all the pieces fall away 
from the iron, while all remain clinging to the steel 
rod: that is to say, soft iron becomes strongly 
magnetized when encircled by an electric current, 
but only for such time as the current acts; but 
the steel keeps its magnetism in a great measure. 
Magnets formed of soft iron core surrounded by 


Fie. 104.—A, horse-shoe electro-magnet ; B, Joule’s electro-magnet, 
75 natural size. 


an electric current are called electro-magnets. Their 
portative strength increases from the beginning with 
the number of galvanic cells arranged in parallel, 
and surpasses that of all other magnets. As in the 
case of steel magnets, their effect is strengthened 
it both poles are connected by what is called the 
armature or keeper. In fig. 104 we see two types 
of these horse-shoe electro-magnets. One of them, 
B, has very broad poles, which are very close to each 
other, and exhibits—as it consists also of very soft 
unannealed iron—although it has only five turns of 
strong copper wire, a very remarkable lifting power. 
The specimen before you weighs only 890 grammes. 
Let us test its strength. I switch on the current of a 
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large bichromate cell. Try to pull away the keeper. 
Scarcely anyone of you can do it. Now I connect . 
with it another cell. Two of you can scarcely do 
it. An experiment, done out of class, showed that 
this little electro-magnet has a lifting power of 
more than 120 ke., ze. it can lift more than 100 
times its own weight. Thus you see what gigantic 
dynamic action our unlikely looking source of elec- 
tricity can call into being, and you will therefore 
understand why electro-magnets play such an im- 
portant part in practical life. But of this more 
later. I will merely 
mention now that with 
the assistance of larger 
Ce __ electro-magnets it can 
x. be proved that bodies 
possess magnetic 
Fic, 105.—Conductor for experiments on qualities, which under 
the deflection of the magnetic needle by normal circumstances 
the electric current, 4 natural size, ae 2 
exhibit an entire 
absence of such property, and, therefore, for a long 
time, were considered entirely non-magnetic, as, for 
example, wood, glass, etc. (Appendix, 23, p. 397.) 
We have seen that a magnet exercises a directing 
force upon a conductor, through which flows an 
electric current. Must not, therefore, an electric 
current exercise a like influence upon a movable 
magnetic needle? We have already observed that a 
solenoid can cause the magnetic needle to deflect, 
but in this case may not the spiral form of the 
conductor have some bearing upon the fact ? 
I take a tube of strong glass (g, fig. 105), fitted 


with good corks at each end. I then bend a piece 
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of strong silk-covered copper wire, in the shape 
shown in the figure, and push the ends through 
the first cork (4,), and then, leading them along the 
tube, put them through the other cork (k,), and fasten 
the ends with the electrodes of a cell by binding 
screws, so that the current flows through the loop 
in the direction of the cardboard arrow (previously 
fixed on it) Holding this conductor with the 
arrow pointing upwards, I present it to the south 
pole of a magnet pointing away from you (A, 
fig. 106). The needle is deflected, and turns its 
north-seeking pole (marked by a red paper) to the 
west. Then, without altering the direction of the 


Fic. 106.—Deflection of the magnet needle by the galvanic current. 


current, I move the conductor round the needle in 
the same vertical plane—the deflection remains the 
same. I repeat the experiment, but hold the wire 
loop in such a manner that the arrow, and of course 
the current too, has the opposite direction—the 
north-seeking pole is now, in all positions} of the 
conductor, deflected towards the east, while before 
it always pointed west. 

As a check experiment, I hold (A, fig. 107) the wire 
loop so that its plane has a north and south position 
and the circuit, now closed, surrounds the whole needle, 
and, in fact, flows over the needle to the north. You 
see that the north-seeking pole, as in the last experi- 


ment, remains deflected to the west; but if 1 turn the 
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loop 180°, [ cause the stream to flow through the needle 
to the south, and thus the north pole turns east 
(B, fig. 107). We can therefore express the law as 
to all the cases of direction observed by us as 
follows :—Let us imagine ourselves swimming for- 
ward with the current, our face turned to the magnetic 
needle; then the north-seeking pole is deflected to 
the left (Ampére). 

This rule, which is of great importance, as you will 
learn later, for the deflection of the magnet needle by 
the magnetic current, was discovered at the beginning 
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of the nineteenth century (before 1804) by Romanosi,! 
and later, in 1820, by the Danish physicist Oersted. 
The law of deflection we owe to the Frenchman 
Ampere, and in his honour it has been called Ampére’s 
suimmang rule. Perhaps the following way of putting 
it is simpler than his: If the palm of the right hand 
be turned to the magnetic needle, so that the tips of 
the fingers show the direction of the positive current, 
then the outstretched thumb will indicate the direction 


* Oersted is usually credited with the discovery of the deflection 
of the magnetic needle by the electric current, as he published 
his observations, whilst Romanosi did not make his known at 
the time; at least they are only incidentally mentioned by a 
contemporary. (Cf. Appendix, 29, p. 401.) 
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in which the north-seeking pole will be deflected (Hand 
rule, ©, fig. 107). 

From the deflection of the magnetic needle we can 
also determine the direction of the electric current. 
This will be of use to us later on. 

Tf we place the right hand in such a position on Law of the 
the deflecting current that the palm 1s turned towards Soiperen 
the mugnetic needle, and the outstretched thumb 
points to the direction of the deflected north-seeking 
pole, then the positwe current flows from the wrist 
in the direction of the finger-tups (cf. C, fig. 107). 

Let us now collect all our Uesey haus so as to 
take them in at a glance :— 

(1) Electric currents flowing in the same direction 
attract each other; those flowing in opposite direc- 
tions repel. Movable conductors strive to place 
themselves in such a position that currents flowing 
m the same direction are parallel to one another. 

(2)Spiral or corkscrew-shaped movable conductors 
(solenoids) exhibit a magnetic directing power, and 
are attracted and repelled by a magnetized rod brought 
near them, just as is a magnetic needle. 

(3) An electric current deflects, according to fixed 
rules, a magnetic needle brought near it, and induces 
strong magnetism in a piece of iron which it surrounds. 

Then the north pole of the electro-magnet is at that 
end where the current flows in a direction opposite 
to that taken by the hands of a clock. 

How shall we explain the connection between 
magnets and the electric currents ? 

Weber and Ampére, the gifted discoverers of the Weber and 
laws of electro-magnetism, supposed each molecule eae 


hypothesis. 
of a magnet to be surrounded by an independent 
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electric current acting upon itself, and that a part 
of these “ molecular currents,” as the result of the 
magnetizing action of stroking with a strong magnet, 
acquire a position pointing in the same direction and 
parallel with each other (A, fig. 108). Thus these 
molecular magnets act with the same intensifying 
force upon each other as did the steel filings (p. 172). 
To magnetize is, therefore, to place the molecules so 
that they may be parallel with each other, and point 
in the same direction. 

The unattainable limit of the magnetization of a 
body would be reached so soon as all the molecular 


South pole 


Fic, 108.—Direction of Ampére’s molecular currents. 


currents were turned in the same direction and 
parallel to each other. The different behaviour of 
iron and steel, when magnetized (p. 169), depends upon 
the fact that the molecules of iron are more mobile 
than those of steel. Hence the latter show a greater 
opposition to the directing force, but persist longer 
in the position when once attained. The iron mole- 
cules, on the contrary, return to their usual position 
immediately the outside force acting upon them ‘is 
removed, whereby the molecular currents assume all 
kinds of positions, and their external action is abolished 
so that the iron appears un-magnetic (Weber). 


This hypothesis of Weber and Ampere with regard 
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to magnetism * explains in the most natural manner 

the observed laws of magnetic attraction between 

unlike poles and the repulsion between like poles; 

for in the first case (B, fig. 108) the currents in the 

polar surfaces, having their opposite poles’ near each 

other, are pointed in the same direction and parallel, 

while, in the second case (C, fig. 108), where the 
neighbouring poles are like, the currents are opposed. 

This mutual attraction between electric currents and 
magnets follows as a necessary result of the direct- Directing 
; y : : force of the 
ing force which two electric currents exercise UPON earth 
each other. If, then, like Ampere, we look upon the ‘™ents. 
whole earth-sphere as a large magnet, the north- 
seeking pole of which lies.to the south, then the earth 
currents flow from east to west and therefore with 

the sun. 

The simplicity of Ampére’s hypothesis is fasci- 
nating, but on nearer acquaintance many difficulties 
appear. What, for instance, is the origin of these 
continuous molecular currents of iron and steel, and 
how are they kept constant? We must consider the 
theory of molecular currents only in the light of 
an ingenious conjecture, and refer the magnetic and 
electro-dynamic phenomena to a common cause. In 
the meantime it will furnish us with an excellent means 
of ascertaining our bearings. Let us imagine, for 
example, a vertically upright and strongly magnetized 
steel rod (M in A, fig. 109), the north-seeking pole of 
which is directed towards the upper end; then the 
surrounding space, so far as the magnetic action at a 
distance extends, is the magnetic field of the magnet. 

1 This hypothesis was first promulgated by Weber, but it is 
nearly always called Ampére’s. 
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If now we bring near and parallel to the magnetized 
rod a very pliant conductor, in the shape of a loosely 
suspended riband, then the current running through it 
will show a tendency to take a position in the same 
direction and parallel to the molecular currents in 
the rod, and hence the conductor will wind itself 
round and round the magnetic rod. This we can 
prove. 

Two thick wire rods (d, and d;) are tightly screwed 


~~ 40-50 cm. ---------» 


Fic. 109.—Lodge’s experiment on the effect of a magnet upon a movable 
current conductor, modified; 4; natural size (d,, can be pushed up; 
g, handle), 


into a small slab of wood 3 em. thick (A, fig. 109). 
One wire (d,) may be lengthened by pushing up 
the movable part (d,). The free ends of d, and d, 
have small nicks about 8 mm. deep cut in them with a 
saw, and in these are inserted two or three lametta 
threads,’ the ends being bound together with fine 
copper wire. The length of this riband (/) is about 
35 cm. From the terminals (4, and k,) on the stand 


1 See Appendix, 27, p. 401. What is here called tinsel riband 
is meant.— Hd. 
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run flexible wires, the ends (0, 0,) of which are con- 
nected with the commutator. The indicator is set to 
show the direction of the current in the riband(/). I 
now place the magnetic rod (M), fixed in a wood block 
(H), quite close to the loosely hanging conductor, and 
switch on the current. Immediately the metal thread 
winds itself round the magnet like the threads of a screw 
(B, fig. 109). Now [alter the current—the thread un- 
twines, describes a large curve, and then again twines 
itself round the magnet, but in the opposite direction 
(C, fig. 109). By manipulating the wire rod (d,), I can 
decrease, at will, the tension of the riband, so that 
only five turns are described round the magnet. If 
you remember that (in the experiment in fig. 96) the 
direction of the current is marked by the indicator of 
the commutator, you will easily understand that the 
riband always winds itself round the magnetic rod 
_ with its north pole directed upwards, so that the current 
in the riband (seen from above) encircles the rod in a 
direction opposite to that in which the hands of a 
clock move; and vice versa if I turn the rod and the 
south pole is directed upwards. In both cases, as a 
matter of fact, the flexible conductor always assumes 
such a position that the current flows in the same 
direction, and is parallel to the hypothetical molecular 
currents. 


This reciprocal action between magnets and electric 
current thus observed gives us an inkling—in the light 
of Ampére’s hypothesis—of the connection between 
magnetic and electric phenomena. The deflection 
of the magnetic needle further offers us a means of 


showing the presence of the weakest electric currents. 
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Apparatus of this kind are termed current-finders or 
galvanoscopes. 

The Ampére’s parallelogram already used by us 
(fig. 110) can do us good service in this case. In 
place of the mercury contact cup I put [see B] a small 
glass tube (g) with a narrow cylindrical aperture. To 


g | f 
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Fic. 110.— A, Ampére’s parallelogram as galvanoscope, 5 natural size ; 
Z, straw indicator with paper pointer (p) and counterweight (w) of 
cork ; S, rough scale (a piece of sheet-zinc covered with paper); B, suit- 
able form of the magnet (M), 2 natural size. 


the hair (/) I hook an aluminium wire (N ), which carries 
a short magnet (M), made out of a piece of magnetized 
knitting needle. At the upper end of the aluminium 
wire a straw (Z) is fastened to act as indicator; the 
lower end of the wire dips into the glass tube, by 
which contrivance a to and fro motion of the magnet 


is avoided. Round the magnet a ring of strong 
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copper wire is so fixed that the magnet occupies the 
centre of the circle [see A]. I now push the paper 
scale (S) to the right distance and turn the whole 
instrument so that the magnet swings in its ring. 
From the east of the apparatus, you can easily follow 
the deviation of the magnetic needle by the move- 
ment of the paper pointer (2). 

You will remember how difficult it was to prove 
the presence of free + EH and — E at the poles of a 
cell, since the sensitive aluminium electrometer gave 
no divergence when directly touched, and only when 
the condenser was employed did a weak charge 
manifest itself. 

Now I employ a small zinc and carbon cell in 
the same manner as we recently used it (cf fig. 92, 
p- 207). Scarcely do I touch the terminals (A, and f,, 
fig. 110) with the electrodes of the cell, than the 
needle swings quickly aside, sways to and fro, and 
at last places itself at right angles to the plane of the 
wire, while the indicator travels along the scale. 

Now observe the indicator. I slowly lift the 
zinc rod out of the fluid. Look! the angle of 
deflection of the magnetic needle decreases in pro- 
portion as the part of the zinc and carbon rods in 
the solution becomes smaller. Now, when the two 
rods are only just touching the fluid, the divergence 
scarcely shows three scale divisions (8, fig. 110, A) and 
it is therefore very small. A check experiment with 
the electrometer gives the same amount of divergence, 
no matter whether the rods just touch the fluid or are 
entirely immersed. What does this signify? We 
know that the electrometer measures the difference of 
the degree of electrification of the free poles of a cell, 
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as also the electromotive force of the cell (see p. 196). 
Can it be that the deflection of the magnetic needle 
on the galvanoscope has another meaning and is there- 
fore not dependent on the electromotive force ? 

Our intention was to use the galvanoscope as a 
current - finder, and compare its 
sensitiveness with that of the 
electrometer; but as we have en- 
countered varying readings in the 
two instruments, we must study 
the meaning of the readings of the 
galvanoscope. First I must draw 
your attention to a means which 
will allow us when necessary to 
increase greatly its sensitiveness. 

I] again lift the zine rod out of 
the fluid until it only just touches 
it, and the divergence is very 
= €* small. Now I place inside the 

=== first coil another one (A, fig. 111), 
Fie. 111, Aand B.—Influ’ which is smaller and, therefore, 


ence of the number of ; 
windings on the extent nearer to the magnetic needle— 


Gebarat Ropes the divergence is already a little 

coil; B, coil with ten ate 

windings (only three are greater. ‘Then I put in its place 

Ate a frame (B, fig. 111) consisting of 
ten windings of silk-covered copper wire (in the fig. 
only three are visible), and the divergence increases 
considerably. In short, the divergence increases in 
proportion to the number of turns of wire: that 
is to say, 1f the electric current is carried round the 
magnetic needle many times, then the deviation is 
multiplied; hence an apparatus of this kind is called 


a multiplier (Schweigger, 1821). 
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Just as the deflection of the magnet needle by the 
electric current was used for the construction of a 
galvanoscope, so also the deviation of a solenoid 
by a magnet (p. 224) may serve the same pur- 
pose. According to this principle, first enunciated 
by d’Arsonval, the best measuring instruments used 
in practical work are now constructed. As, however, 
these solenoid galvanometers (called also by some firms 


Fie. 111, C.—Working model of a solenoid galvanometer, 4 natural size. 


rotary coil galvanometers) are very carelessly con- 
structed, we will endeavour to explain the principle 
of it by means of an easily arranged model. 

Here (fig. 111, C) we have a horse-shoe magnet, 
consisting of three plates. It is fastened to the 
wooden block so that the poles point upwards. The 
distance between the legs is 30 mm. Between these 
hangs the solenoid, of 100 windings of fine silk- 
covered copper wire (0°15 mm. thick). The apparatus 
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is still more effective if a fixed cylinder of soft iron 
is fitted inside the solenoid, without touching it 
(cf. fig. 131, p. 289). The wires of the solenoid are 
introduced through a cork (k) fitting tightly in the 
upper frame and able to turn in it. By this means 
both the height and the position of the solenoid can 
be regulated. On the wooden pin (II, st), pointed at 
both ends, the indicators (Z, Z,) are fitted. These 
are made of a straw or a tube of aluminium, 120 mm. 
long, carrying at the end paper arrows. 

To keep this solenoid vertical, two hair springs of 
nickel ( f, f2) are fastened toit. (These may be replaced 
by a single spring or an unstretched rubber band.) 
Contact is made by the binding screws (k, k,), which 
are joined by strong wires with the fine wires of the 
solenoid. The circular scale may be easily raised 
or lowered (the indicator must be partially pulled 
through the loops and one end then turned upwards), 
so that the solenoid may always be visible. By 
cutting through the cork, the distance between the 
wires (10 mm.) may be changed or their position 
adjusted, and the changing of the solenoid facilitated. 

If we allow the current of one of our small cells (fig. 
92, p. 207) to flow through the terminals, the indicator 
is greatly deflected according to the direction of 
the current to the right or left. The elasticity of 
the two suspension wires (called the “ bifilar suspen- 
sion”) strives to turn the solenoid back to its position 
of rest. It therefore stops at a point more or less 
remote in proportion to the strength of the two 
forces. The stronger the current the greater the 
deflection, as in the case of the magnetic needle. 


The great advantage of the solenoid galvanometer 
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consists in the fact that it is not necessary to place 
it in the magnetic meridian. 


Before we leave this part of the subject, I should 
like to show you, for the sake of comparison, the 
magnetization effect of the current generated by the 
influence machine. 

I wrap closely round each of two similar horse- 
shoe magnets ten turns of strong copper wire, covered 
with gutta percha. I screw both magnets between 
two pieces of ebonite in a vertical position in two 
stands. Through one of the wires I pass the current 
of a bichromate cell, and through the other that of 
an influence machine, which gives a spark of 2 to 
3 m. without the Leyden jars. 

The electro-magnet of the cell exhibits a lifting 
power of 8 kg.; that of the influence machine scarcely 
so kg. Yet this magnet, together with its keeper, 
and a scale pan of paste-board, and the necessary 
weights, weigh only 20 grammes. Hence you see 
that—with regard to the dynamic effect—the bichro- 
mate cell is far superior to the influence machine. 

Our present object is attained. We shall next 
try to solve the riddle which confronts us in the 
diversity of the data yielded by the electrometer 
and the galvanoscope. 
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CHAPTER IV 


Graduation -of the -galvanoscope. Construction of a scale. Effect of 
arrangement in series and in parallel with short and long con- 
ducting wires respectively, and with insertion of liquid resistance 
or current damper. Meaning of current intensity. Comparison 
of electro-dynamic and hydro-dynamic phenomena. Deduction 
of Ohm’s law, and the best arrangement of the cells of a 
battery. Specific conductivity and electric-resistance. Practical 
unit of resistance, the ohm, Table of electric conductivities and 
resistance of different metals, Influence of resistance of a wire 
on heating by the electric current. Demonstration of the com- 
parative resistance of wires by six-fold manometer, and by Lenz 
and Looser’s method, Determination of internal resistance of 
element or battery. Current intensity in branch conductors. 
Measurement of great intensities, The solenoid galvanometer as 
voltmeter and as amperemeter. Measurement of resistance by 
Wheatstone’s bridge. 


In a former chapter we gained a knowledge of some 
of the effects of the closed galvanic circuit flowing 
continuously through the conducting wire, and we 
compared the processes going on in it with those 
before observed in the conducting rods of an in- 
fluence machine working intermittently. Further 
experiments taught us a number of new dynamic 
actions. 

Let us thus summarize the result of these studies:— 

(1) If the current of a battery of constant cells 
arranged in series, traverses a very fine and long 


wire of as uniform a thickness as possible, the fall 
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of the current in the conductor is constant: that is 
to say, every two equidistant points of the conductor 
have the same difference of electric level. 

(2) Electric currents flowing in the same direction 
are attracted to each other, those opposed to each 
other are repelled; therefore movable conductors 
show a tendency to place themselves in the same 
direction as, and: parallel to, one another. If the 
current is strong enough, a movable suspended 
circular or spiral conductor or solenoid, when merely 
acted on by the earth’s magnetism, takes up such a 
position that the current seen from the south flows 
from above to the east, 7.e. clock-wise, 

(3) A piece of iron encircled by the electric 
current becomes a strong magnet (electro-magnet) 
while the current is in operation. Magnets and 
movable current conductors exercise upon each other 
such a directing force that the electric current and 
Ampére’s hypothetical. molecular currents arrange 
themselves in the same direction and parallel to one 
another. The molecular currents of a magnet revolve 
round it—if one looks towards the south-seeking 
pole—clock-wise ; accordingly the magnetic currents 
of the earth must have a direction from east to 
west. 

With regard to the deflection of the magnetic 
needle, the following rule has been deduced: If the 
right hand, with the palm turned towards the 
magnetic needle, is held to the deflecting part of 
the current conductor, so that the electric current 
appears to flow from the wrist to the finger points, 
then the outstretched thumb indicates the direction 
of the detlected north-seeking pole, — 
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Hence we easily get this rule for the direction of 
the current : } 

If we place the right hand on the deflecting part 
of the current conductor, so that the palm of the hand 
is turned towards the magnetic needle and the out- 
stretched thumb marks the direction of the deflected 
north-seeking pole, then the electric current flows 
from the wrist to the finger tups. 


Our next task is to go more closely into the results 
given by the galvanoscope. 

When we were engaged in quantitatively compar- 
ing the phenomena of static electricity (p. 30), our 
first endeavour was to graduate or calibrate empiri- 
cally a sensitive electroscope, by carrying to it 
repeated and equal charges of electricity, so as to 
determine according to our arbitrarily chosen unit of 
electrification the strength of the charge from the 
divergence of the leaf of the electrometer. By this 
means, out of the electroscope a very serviceable electro- 
meter was evolved. Shall we not in the same manner 
be able to calibrate the galvanoscope and thus obtain 
a galvanometer. 

Since our Ampere parallelogram is not very con- 
venient, we will use a galvanoscope constructed 
particularly for demonstration purposes (fig. 112). 
A movable upright support (S) stands on three 
adjustable feet, carrying a box-compass with short 
magnetic needle resting on a steel point. The 
magnetic needle bears at right angles to its mag- 
netic axis two long aluminium indicators, whose 
ends, terminating in coloured paper, travel round 


a scale fixed on the upright side of the circular 
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compass case. It can thus be easily seen by you 
from the side. 

As the conductor of the deflecting current there is a 
strong copper ring (R), which turns on its horizontal axis. 
The ends of the ring, which do not touch the compass 
case, are fitted with binding screws (K, K,). The sight 
(V), fixed on the foot of the stand, is used to obtain 
an accurate reading of the scale, and, at the same 
time, to show any , 
chance movement 
of the stand itself. 

To render the ¢ 
scale divisions more 
visible from a dis- 
tance, the degrees 
oe 10, 20°, are 
indicated by tri- 
angles, the 0°, 30°, 
60°, 90°, being 
coloured red; the 
others black (G, fig. 
115) [ef Appendix, 
31, p. 402], 

Now I adjust the box so that the fixed sight 
(V) is exactly opposite 0°; then I slowly move the 
whole apparatus, together with the table, until both 
indicators are at zero, and place the copper ring R in 
a vertical position. I connect the binding screws by 
flexible silk-covered wire with the commutator, and 
this latter instrument with a very constant cell, for 
instance with our Daniell’s U-shaped standard cell standard 
(fig. 92, p. 207), or with Fleeming’s cell, which you see na oe 


here (fig. 118). The chemically pure or well-amalga- Fleeming. 
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mated zinc element dips into a solution of sulphate of 
zinc, and the copper into a solution of sulphate of 
copper: 1 and 2 are stop-cocks for adding quantities 
of fresh fluid, while by 3 those already used up flow 
away. By this contrivance an extremely constant 
source of current is obtained, and the fourth stop- 
cock (4) serves to empty the apparatus. I close the 
current—the divergence is, when the needle has come 
to rest, 12'5°. Now I slowly press down the copper 
ring (R, fig. 112). The divergence decreases gradually 
and at last becomes zero, when 
the ring is horizontal. We are, 
therefore, able to make the 
divergence large or small, as 
we like, for the range be- 
tween 0 and 12°5°. Let us 
choose 10°—now by means of 
the clamping screw K, (fig. 
112), I fix the ring in that 

iae tx peal vehibe wt ea position, and then reverse the 
sae current. The indicators turn 
to the other side and remain there at 9°8°. Evidently 
the straight lines joining the two indicators are not 
quite perpendicular to the magnetic axis of the 
needle; still, that does not matter; we need only 
note the deviations for both directions of the current 
and take the mean of both readings. If the two 
indicators do not work accurately enough on equal 
divisions of the graduated scale, we must take for the 
one direction of current two readings, a, and a,’, and 
for the other a and a,’. Then the true value of the 


1 The wires leading to the galvanometer (fig. 112) are twisted 
together, to prevent any deviating movement on their part. 
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angle of deflection is the mean of the tour readings, 
so that a= Me aii Ted 


Now we can proceed to the graduation of the 
galvanoscope. As the unit of galvanoscopic current 
effect, we will take that yielded by our standard 
Daniell cell.1. We have now merely to arrange the 
experiment so that the needle, without current, has 
the same deflection as with the cell; therefore when 
a fresh current traverses it, the galvanoscopic action 


Fic, 114.—Graduation of a galvanoscope by two magnets in the east-west 
position, ;4; natural size. A, side view; B, view from above. 


is added to the former, and consequently is doubled, 
or the third time is triplicated, and so on. 

I place the galvanoscope (G, fig. 114) on the 
lower bar of the optical bench (ab), exactly over the 


* The closer the glass or asbestos wool in the U-shaped tube 
is packed, or the farther the rods are lifted out of the fluid, 
the weaker, with equal polar difference, is the electric current. 
The cause of this we shall know later on as “ internal resistance.” 
This regulating contrivance renders this cell especially convenient 
for the experiments which follow, when the galvanoscope is not 
fitted with a rotating ring and a resistance or rheostat. 


247 


THE SCIENCE OF ELECTRICITY 


zero point of the millimetre scale. Now I give the 
optical bench an east to west direction: that is to 
say, such a one that the aluminium indicators (2 2, 
fig. 115, B) are parallel to it, and I turn the compass: 
in such a manner that the indicators and the fixed 
sight V point exactly to 0. I close the circuit, and 
the divergence is 10°. Now I break the current, and 
place two long magnetized rods (m, m,) on suitable 
stands (s, s,) and bring them gradually near, until 
the same deflection a,/=10° is attained. Then I 
close the circuit, giving it the same direction as you 
perceive is given by the indicator of the commutator. 
The second deflection a,/=19°8°. In asimilar way we 
get a3 = 27°9 ; a, =35'1; as’=41°5, ete. You notice, 
then, the spaces between the scale degrees become 
constantly smaller: that is to say, the deflections of 
the galvanoscope are not proportional to the deviat- 
ing action of the current, any more than was the 
case with the electrometer. 

In this way we graduate the galvanoscope until 
nearly 70° from zero point is reached, when the 
increase is too small to note and we leave off. Now 
we repeat the whole measurement with the reversed 
current, so that the needle deflects in the contrary 
direction. Let us now denote the deflections by 
a," Gd," a3'—then we get the true deflection, if we 
take the mean of the corresponding deflection of both 
current directions, e.g., 


a, = ath); agen BD etc. 
It now only remains to mark suitably the scale points 
obtained during the graduation, to get a graduated 


scale, which will perform the same services in the case 
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of the galvanoscope, as the scale of the electrometer 
did for that instrument (Appendix, 31, p. 402). 

From an previous series of experiments I obtained 
as a mean out of five measurements :— 


16} 17| 18} 19} 20 


27 °8|33°4/38 °3/42°7|46 5/49 tae 55°4157°7/59°8)/61°5 ae 65°9|67°1/68°2/69-2 


10} 11) 12} 13} 14] 15 


a@ =| 7°5)14°7/21°5 


To trace the scale for our galvanoscope, I next Graduated 
remove the glass cover of the compass and the needle, cee 
lift off the ring with the scale of degrees, and stretch meter. 
tightly round it a strip of drawing paper 12 mm. 


broad. As this ring is 30 mm. deep, the entire scale 


NCUA GUTTA ATLANTA ATT 
G oY f @ ese 
meee 


AS 3 Crete a) ce a7 8) 910: 72 14% 
Fic, 115.—Specimen of the graduation scale (AS) of the galvanometer on 


the vertical scale of degrees (G), so arranged that this remains visible, 
4 natural size. 


of degrees is visible above the paper strip, as are 
also the points of the triangles. I can therefore 
easily mark on the strip of paper the proper points of 
the graduation scale (fig. 115, AS). But as drawing 
the scale would require too much time, because it 
must be drawn on both sides and from both zero 
points (in all therefore four times), I prefer to fasten 
on the strip a scale already completed after very 
careful measurements. Before I fix the ends of the 
paper strip with some adhesive, I must convince 
myself that the zero points of both scales agree. 
We can now use either the scale of degrees or the 
graduation scale at will, but for the present the latter 


will serve. Thus our galvanoscope has become a 
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measuring instrument, which we shall call our gal- 
vanometer, although by its means we are only able 
to measure the deflecting action of the galvanic 
current (Appendix, 31, III, p. 403). In what relation 
does this action of the current stand to the size or to 
the grouping of the cells? To discover this is now 
our task. 


Here are three immersion cells, one of which is 


Fig. 116.—Immersion cell (with inflation ball (B) fitted with triple glass tube 
for three cells). The extra wires, d, d, to the commutator (C), are for 
electrometer measurements, and are usually suspended for insulation. 


reproduced in fig. 116. Two carbon plates are con- 
nected to each other by the binding screw C, and 
dip into a solution of bichromate of potash mixed 
with sulphuric acid, whilst the smaller zinc plate 
may be more or less immersed at will by moving 
the brass rod fastened to it, or it may be entirely 
removed, which of course stops the current.! 


~ 1 §till better are the new immersion cells with two zinc and 
three carbon plates, which are let down together, and when not 
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The tube in the middle of the cover is electrically 
connected with the other binding screw (Zn). 
Through the ebonite cover a glass tube is introduced, 
which ends in a fine point beneath the carbon plates, 
and through which air is blown by the bellows (B) to 
keep away -hydrogen from the carbon plates, when 
the circuit is closed. Thus, the otherwise rather 
inconstant element is made very constant, which we 
can judge by the fact that the deflection of the needle 
of the galvanometer, when put in the circuit, steadily 
declines, while when the blowing is kept up, it re- 
mains unchanged. 

We will now and later, as a check, determine the 
electromotive force by the electrometer. With this 
object I fix to the terminals of the commutator 
(C, fig. 116), which are connected with the electrodes 
of the element, two fine additional wires (d, dz), 
provided with insulated handles of sealing-wax (7, i,). 
After the current through the commutator is inter- 
rupted, I carry these to the condenser plates of the 
electrometer. When not in use, I hook them to rings, 
hanging from the ceiling by silk threads (f, f,). 

We get, on the electrometer, for the three cells 
(the zine plates just dipping in the solution), I=1°8; 
I1=2:0; Il=1'9 volts. Now I turn the commu- 
tator, so that the circuit is closed, and therefore the 
current flows through the galvanometer—the deflec- 
tion is three degrees on the graduated scale, if the 
copper ring of the compass is vertical. By lowering 
the ring I diminish the deflection until it is exactly 
in use may be lifted out entirely ; but we must substitute 
pressure terminals for the binding screws with one aperture, and 


screw the two fly-nuts together (K, fig. 117, p. 252). 
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two degrees of the graduated scale. Now I screw the 
ring fast and put in circuit the element II. The 
deflection is 2°8; somewhat larger. To make the 
deflections equal, it is only necessary to raise the 
zine plate slowly—there, now, a,=2 also. I do the 
same with the cell III. Now all three cells measured 
by the galvanometer are equally strong, but the 
electromotive force remains unchanged. 

We can now begin measuring. 

The element I gives, 
when the position of the 
commutator is as above, 
2°0; when reversed, 1°8; 
therefore the mean = 1°9, 
yu ae The same is the case with 

Fe 6 ht Di eee the cells II and III. 

Fic, 117. — A, convenient arrange- . : 

ment in series ; B, in parallel; K, Since our terminals (K, 

abindingserewof thecal $matorl fie. 117) allow us to do so, 

an dare te auer, ome gre we can arrange the cells, 
either (A) in series, or (B) 
in parallel, by connections of fine copper wire. 

I have purposely arranged the deflections on the 
galvanometer so that the readings for one element in 
both this and the electrometer shall agree as far as 
possible, and thus their immediate comparison is 
feasible. Fig. 117 shows the arrangement for all the 
three cells. 

Two cells, placed in series, give on the galvano- 
meter, when between the two, 1:°9: that is just the 


1 If the galvanometer ring is not adjustable, the rods must be 
taken out of the cell. In this case, when the action of the 
galvanometer has to be regulated, immersion cells are convenient, 
otherwise cupron cells (p. 210) are preferable. 
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same deflection as one cell. The same is the case 
with three cells; while, on the other hand, the diver- 
gence on the electrometer increases in proportion to 
the number of cells (see p. 206). 

Now I arrange two cells in parallel. The galvano- 
meter marks 3°8, the electrometer 1°9. Therefore, on 
the galvanometer we get double the effect that we 
did with one cell, For three cells the deflection is 
5°75; therefore three times as great, The following 
table will put the above clearly :— 


I. SHort anp Tuick Conpuctine Wirzs. 


| 
A. Galvanometer. B. Electrometer. 
ein Arrangement. Arrangement. 
Series. Parallel. Series. | Parallel. 

1 1:9 19=a, (1:9) (13) 

2 1°9 3°8 = 2a, 3°8 1:9 

3 1:9 58 = 3a 56 1°9 

| (almost) 


A glance at this table shows us that the action of 
the current on the galvanometer is the opposite to 
that on the electrometer. While in the last-named 
case the electromotive force is in direct proportion to 
the number of cells arranged in series, the effect on 
the galvanometer, when the cells are arranged in 
parallel, is proportional to the number of the cells: 

' For this we use flexible wires, about 14 mm. thick, of tinned 
copper, such as are employed for electric lighting purposes. With 


the help of the double binding screws the otherwise inconvenient 
parallel arrangement can easily be carried out, 
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but when the arrangement is in series, it remains the 
same. We have used short, thick conducting wires. 
It would be premature were we to determine the law 
of the action of the current from this one series of 
observations, We must rather take into account 
attendant circumstances. What influence, for ex- 
ample, have the conducting wires ? 

A portion of the long manganin wire which we 
have already made use of (p. 214) is inserted in the 
circuit before the commutator. The deflection on the 
galvanometer becomes immediately smaller; but on 
the electrometer the divergence is unchanged, and I 
am scarcely able, even by raising the compass ring, 
to bring the deflection for one cell up to the earlier 
height (1°9). We thus get the following table :— 


Il. Fine Maneanin Wire (asout 1 m.) pur rn Crrcuir 


(R, Fig. 94). 
A. Galvanometer, | B. Electrometer. - 
No. of 
Cells, | 
In Series. Parallel. | In Series. | Parallel. 
| 
1 1°9 1°9 1°9 1:9 
2 3°5 2:2 3°8 1:9 
3 4*9 ed f 5-7 1°85: 


We perceive immediately that the action of the 
current on the galvanometer is much weakened by 
the insertion of a fine wire, just as if we had taken 
the zinc plate partly out of the fluid, and had there- 
by diminished the contact surface. On the other 
hand, the electromotive force measured by the electro- 


meter has remained unchanged. Table II, shows us, 
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further, that in the case of a short conductor, the 
proportion observed between the number of cells 
arranged in parallel, and the deflection on the 
graduated scale no longer holds; and that, when the 
arrangement is in series, the deflection increases. 

It appears as if the thin wire, of 1 m. long, offered Resistance. 
some resistance to the flow of the electricity, by which 
the action of the current on the galvanometer is 
damped ; hence we name this action the resistance of 
the conductor. From static electricity we know that 
different bodies conduct electricity with varying 


Fie. 118.—Current resistance, } natural size. (Two movable amalgamated 
zinc plates.in a concentrated solution of sulphate of zinc.) A paper 
mm. scale is fixed on the side of the glass, 


degrees of ease, and we distinguish between good 
conductors (metals), bad conductors (wood, hemp, etc.), 
and non-conductors or insulators.(amber, silk, ebonite, 
mica, etc. ). | 

Shall we find that the conductivity of the wires 
depends on their length and thickness? This 
question is very important, but first we will en- 
deavour to give a clear understanding of the indica- 
tions of the galvanometer. 

From side to side of this glass trough (G, fig. 118) 
two small bars of wood (b b) are placed and fitted with 
movable amalgamated zinc plates, and binding screws 
(K K) for the conducting wires (d, d,). -I pour into 
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the water of the trough a solution of zinc sulphate 
(ZnSO,) and put this column of liquid into the circuit 
instead of the German silver wire—the deflection is 
imperceptibly small. Now I push the right-hand plate 
slowly nearer—the deflection gradually increases, until 
the plates touch each other, when it goes up with a 
bound. The deflection in this case is just as great 
as in that of the short wire conductor (Table I.) 
alone. With the help of this resistance we have 
it in our power to weaken the current at will within 
certain limits. 

I move the zinc plates of the resistance so far away 
from each other that the deflection for one cell shows 
only 0°5 divisions of the graduated scale. When the 
direction of the current is reversed we get 0°4, or, 
taking the mean of these, a,=0°45. We will repeat 
the series as before, and tabulate results. 


IJI.—A Lieuip Resistance INTERPOLATED. 


A. Galvanometer. B. Electrometer (E.M.F). 
oni Arrangement. Arrangement. 
In Series. [In Parallel. In Series. In Parallel. 


1 | 0-45=a, 0-45 19=1, 1-9 
2 | 0 9=2a, | 0°45 38 = Qu, 1-9 
3 | 1:34=3a, | 0-46 58 = 30, 1:9 


or 


We get exactly the same numbers, if we replace 
the liquid resistance (fig. 118) by a piece of our 
manganin wire 10 m. long (Fig. 94, R). 
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Hence we gather that the inclusion of the liquid 
resistance or a long, fine wire not only lowers the 
action of the galvanometer so far as the current is 
concerned, but also that the mode of action of the 
arrangement in series or in parallel is just the opposite 
of that (Table I.) in which only short, thick wires 
were the conductors: that is to say, the action of the 
current on the galvanometer, when a great resistance 
is put in the circuit, is proportional to the number of 
cells arranged in series, while the parallel arrange- 
ment does not affect it. The action of the current 
depends only on the electromotive force. This gives 
us a ready means of comparing the electromotive 
forces of the various cells by the aid of the galvano- 
meter (cf p. 290). 

If, for the present, we call the cause of the action Intensity of 
on the galvanometer the intensity of the current, semen 
and the cause of the damping action exerted in the 
liquid resistance, the resistance, then we may assume 
that at first (Table I.) we had a very small and now 
(Table III.) a very great resistance in the conductor. 
So we find: 

(1) The greater the resistance in. the conductor, 
the less 1s the intensity of the current. 

(2) When the resistance of the conductor is very 
small, the intensity of the current is proportional to 
the number of elements arranged in parallel; but, 
when the resistance is very great, it is proportional 
to the number arranged in series. (In neither case 
has the mode of arrangement any influence on the 
intensity of the current.) 

How are we to explain this contradiction? Evi- 


dently the electric current changes its character 
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according to the arrangement of cells. What, then, 
settles the intensity of the current or the effect on 
the galvanometer, as we called it at first for want 
of a more suitable expression ? 

We noticed that the electromotive force, or the 
potential difference at the free poles of the elements 
proportional to it, was quite independent of the 
magnitude of the immersed plates, or of the resist- 
ance in the conducting wires (at least within the 
limits observed by us), and only rested upon the 
nature of the metals and fluids employed. 

Let us imagine the surfaces of the immersed 
plates divided into square millimetre spaces, and 
—speaking figuratively —an electric ray of equal 
(electromotive) force transmitted through each of 
these units of surface; then the sum of these 
‘current rays’ represents the entire quantity of 


electricity put in motion, we. the electric current 


itself. Of course it is quite immaterial how we 
group the “current rays,’ whether we derive them 
from one great plate, or from several small ones— 
that is to say, whether we use one large cell or 
several small ones the zinc and carbon plates of 
which are joined. When arranged in _ parallel, 
current rays of equal strength are added together ; 
hence the quantity of electricity increases, while 
the fall of the current or electromotive force is un- 
changed. Perhaps this will become more clear to you, 
if you think of what takes place in a stream of water. 

Imagine a horizontal circular canal (cf fig. 80, 
p. 179), closed at one end by a tube containing a 
water-wheel which drives the water forward with a 


uniform force, so that a constant flow of water is 
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maintained in the canal. As we already know, a 
uniform fall of current is established: that is to say, 
the difference of level for equidistant points in the 
path of the current is constant. We observed the 
same thing in the electric current (p. 184). 

What must we understand by intensity of current ? 
Various replies may be given, according to the 
measure we employ. The simplest would be this: 
we ascertain the velocity of the flow, 2.e. the distance 
traversed by the particles of water in one second, and 
measure the area of cross-section of the current ; then 
the amount of water which flows through the section 
in one second is the required measure of the intensity 
of the current. 


Intensity of current = quantity of water per second 
= velocity x area of cross-section, eai(l) 


This quantity of water, in volume, corresponds to a Meaning of 
column of water, the height of which is the distance ee 
traversed by the stream in one second, and the base streams of 
the area of the section of the stream. Instead of the teen 
volume, we could just as easily estimate the weight 


of the column of water. We should therefore have 
Intensity of current = weight of water per second we) 


Similarly, we could measure the value (2.e. the 
energy) of the work of the current by determining 
the energy or power of work of a stream of equal 
velocity and 1 sq. cm. section. Then the product of 
the energy (already obtained) by the section of the 
stream (in sq. cm.) is a measure for the intensity of 
the current. 


Intensity of current = energy of the stream 
— energy per sq. cm. x sect. (in sq. cm.) (3) 
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I have purposely shown you, that in the case of 
the comparatively simple processes which a stream 
provided us with, the intensity of the current may be 
measured in various ways. You will, therefore, not 
be surprised if we make the acquaintance of other 
methods of measuring the intensity of the electric 
current than that already given. 

What takes place if several canals, in which the 
water flows with equal fall, and therefore with the 
same velocity, are united in one stream? Evidently 
the fall or the velocity will remain unchanged, while, 
on the other hand, the cross-section of the stream has 
increased. The amount of water which flows through 
the main channel per second will be equal to the 
sum of the corresponding quantities of water in the 
several channels: that is to say, the intensity of — 
the current will increase with the number of canals 
joined together, just as we noticed in the case of 
the galvanic cells in parallel, when we used short, 
thick wires which opposed no resistance to the flow 
of electricity. 

If we allow the water to flow through pzpes instead 
of in canals, then we have quite another state of 
affairs. If, for example, we bring water from an 
elevated reservoir through pipes to a low-lying place, 
then the pressure of the water flowing out (or the 
velocity of the stream) will depend only upon the 
difference of levels, and—leaving out the question of 
friction—will be quite independent of the length of 
the conducting pipes. 

Let us call the force driving the water—it is just 
the same, whether this is called into being by a water 


wheel or by difference of level—‘‘ aquamotive force,” 
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then we have a new measure for the intensity of the 
current. 
Intensity of current = quantity of water =k x aquamotive force 

x cross-section . . (4) 

Here & stands for a constant, depending on the 
masses employed, and it specifies the relationship 
between the aquamotive force and the velocity. 

To give you an idea, though a rough one, of what 
happens when a great resistance stops the stream of 
water I will employ a ‘ 
simple arrangement (fig. . i ‘s A 
119). The bottom of a A N 
glass cylinder is cut 
away, and instead several 
layers of cotton-wool are 
stretched tightly across. 
I pour water into this fa 
vessel, until it is about <= b 


8 cm. high—and a few 
Fig. 119.—Action of a great resistance 


drops flow slowly out. on the flow of water, 1 natural size. 
Another method of per- A, difference if surface is small; B, 


F t difference if surface is great. 

forming this experiment 

is shown in B, fig. 119. An inverted glass funnel is 
closed in the same manner as before, but is joined by a 
rubber tubing about 2 m. long (s) to another funnel 
(7). Into the top funnel I pour water and gradually 
lift 1t up—you see, as the water pressure increases, 
drops of water ooze out with greater frequency, and 
finally a thin continuous stream of water is established. 
In this case, therefore, the intensity of the current— 
if I may so express it—is no longer dependent on the 
cross-section of the column of water, but primarily on 


the water pressure, u.e. upon the difference of levels 
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(a—b). You have here a case analogous to the 
arrangement of the cells in series, when a very great 
resistance is interpolated... . 

So far we have only observed the action of the 
electric current on the galvanometer. Properly, by 
the words intensity of current is understood the 
quantity of electricity which flows through a given 
section of the conductor in one second. 


Intensity of current = quantity of electricity per second. 


The expression ‘intensity of current” is not well 
chosen, for the word “intensity ” embraces the mean- 
ing of energy, whilst ‘intensity of current” really 
implies the notion of quantity, and quantity of current 
= quantity of electricity per second. Nevertheless, 
the expression has taken root and is widely used. 

Let us now examine what influence the electro- 
motive force and the nature of the conductor has 
upon the intensity of the current. 

From an experiment with the interpolated fluid 
resistance (fig. 118, p. 255) we saw that a column of 
liquid is a much stronger damper than a metallic 
conductor. Hence we can infer that “fluids are bad 
conductors of electricity,” or that they oppose a greater 
resistance to the electric current than metals (wires). 
But the plates of the cells are separated by layers of 
fluids which also oppose a certain resistance, which 
we must take into calculation. I will, therefore, 
arrange an immersion ‘cell, in which we can alter at 
will the space between the plates, and thus examine 
the effect of the distance between them. Thus we 


1 The following experiment (figs. 120-122) is partly borrowed 
from Pfaundler, but much modified. Miller-Pouillet’s Lehrd. 
d, Phys., 9th (Pfaundler’s) edition, Bd. iii. pp. 412-413. 
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shall be able to change the resistance in the conductor 
as well as in the cell itself, and note the effect on the 
galvanometer. . | 

J. A glass trough (A, fig. 120) is two-thirds filled Cell with 
with a solution of bichromate of potash, with some Aes 
sulphuric acid added. In it I place a pair of carbon Tesistance. 
and zinc plates, which are fastened to the little 
wooden cross-pieces, and may be raised as high as 
desired. The distance between the plates may be 
seen from the paper millimeter-scale gummed on to 
the side of the trough, and coated with melted 
paraffin (to protect it 
against any overflow 
of acid). 

I connect the elect- 
rodes of the cell with 
the galvanometer ==========_2 = 
(B, fig. 120), by two Fic. 120. — Relation between the external 


: and internal resistance and the intensity 
copper wires, each of current. A, cell, 75 natural size; B, 


1m. in length (which galvanometer, 4 natural size, 

I have cut from the same reel). The deflection is 
4 degrees of graduation. Now I insert two longer 
wires of the same kind—the deflection (a,=3°5) is 
much less. 

Now I move the plates further apart. You see 
the deflection diminishes greatly. An increase of 
resistance both in the cell and in the conductor 
decreases the intensity of the current. 

If we name the resistance in the cell the ‘‘ internal External 
resistance” (w,;) and that of the conductor the paces 
‘external resistance” (w,), the sum of both resist- 
ances represents the entire resistance (W). 


1 
W=wu;+u,: 
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What will result if we double the entire resistance ? 

II. I connect the galvanometer (G, fig. 121) by 
two wires, each 1 m. long, with the trough cell (E), 
and push the zinc plate closer to the carbon, so that 
the deflection is exactly 8 graduation units. This 
new position is marked by dotted lines, as are the 
wires also. The distance between the plates = 40 mm. 
The total resistance (in the cell, the conducting wire 
and galvanometer) let us take as 1, and we will also 
double each resistance. To do this, I insert between 


Asti mt é. 
G Waagu : aa rg) = Se 
ik Sa. 
Ne 3 : 


Fig. 121.—Dependence of the current intensity upon the total resistance, 
G, v5; E, $ natural size. (The glass trough E has been drawn too broad. 
Its dimensions are 5 x 5 x 15 cm.) 


the galvanometer and the zine plate two other 
similar wires, each 1 m. long, which are further joined 
by a strip of copper (R,) of the same shape and 
measurements as the ring (R) of the galvanometer: 
therefore the external resistance is twice as great. | 
If I now move back the zine plate to a point twice 
as far (2'40=80 mm.), then the total resistance is 
doubled and the deflection a, is between 3°9- and 4, 
therefore (almost exactly) half of the former. When 
the total resistance is doubled, the intensity of the 
current is half as great, or the current intensity is in 


inverse proportion to the total resistance. 
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III. We must now examine the influence of the 
electromotive force. In the middle of the glass 
trough [ set up a wooden slab boiled in paraffin 
(H, fig. 122), with a rubber tube (g) round its edges, 
so that the trough is divided into two separate com- 
partments. Close to the partition I place a carbon 
and zine plate, and connect them by a short strip of 
metal, the resistance of which we must neglect. 

Now I move the two end plates of the cells thus 
arranged in series so far away that the sum of their 


Fie, 122.—Dependence of the current intensity upon the electromotive 
. force. G, 4,; E, } natural size, 


distances (80°8 mm.) is just the same as the distance 
between the plates in the last experiment. Now the 
total resistance is unchanged, but the electromotive 
force is doubled ; the deflection (a;=7°9) is twice as 
great as before (3°95), or just as great as in a single 
cell with half the resistance. Hence we see 

Lhe current intensity is directly proportional to 
the electromotive force. 

We can now state the entire law of current in 
_tensity. 16h i 
The strength of the galvanic current is in‘ direct Ohm's law. 
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proportion to the electromotive force (of the battery), 
and in inverse proportion to the total resistance 
(Ohm’s law). 

If we denote the required intensity of current by 
J, the electromotive force by EH, and the total resist- 


ance by W, then the fraction * will be proportional 


to the current intensity J. To make the value of 
this fraction equal to that of the intensity of the 
current, we must multiply it by a constant factor (k) ; 
then we get a measure for the intensity 


E 
Jakxy- 


Let us consider for the present, as the unit of 
current intensity (J), a current which will occasion on 
the calibrated galvanometer a deflection of 1 degree, 
and let us take the electromotive force of a Daniell’s 
cell as unity; then, in general, the thrust which 
1 Daniell gives is—according to the interpolated 
resistance—greater or smaller than 1. If now we 
choose such a wire as will give a thrust which = 1, 
then we can set down the total resistance w = 1, and 
use it as for the present an arbitrary unit of resistance. 


Then the fraction 2 (where W is a known multiple 


of w) gives directly the current intensity, that is to 
say, we can so choose the unit of resistance that 
the above constant factor k = 1. Then it is clear 


that : 
E 


j-y 
But since the total resistance (W) is composed of 
the internal resistance w,;, present in the cell itself, 


and the external resistance w, of all the conductors 
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taken together; therefore W = w, + w, (cf p. 263), 
and we get as a mathematical expression for the 
intensity of current :— 
E 
IE aap Nioy, Vaya’. (LD 
This law regarding the current intensity of galvanic 
cells, first discovered by the German scholar Ohm in 
1827, furnishes, in its mathematical form, the key to 
the riddle—namely, as to how it is possible, when 
there is very little external resistance, for the intensity 
of the current to be proportional to the number of 
cells arranged in parallel, while, when the resistance 
is very great, it is proportional to the number arranged 
in series. At first this seeming paradox filled us with 
astonishment. At that time we had left out of our 
calculations, since we were dealing with very little 
resistance from the conductors, the fact that when the 
parallel arrangement was used (which is just the 
same as employing a cell with greater immersion 
plates) the internal resistance decreases, as does the 
number of cells, and therefore the intensity must rise. 
On the other hand, in the arrangement in series, 
when the current must overcome the internal resist- 
ance of each cell in turn, the internal resistance 
increases in the same ratio as the electromotive force ; 
wherefore, when the resistance in the wire is a negli- 
gible quantity, the intensity does not change. The 
fall of the current, however, is now more powerful and 
better able to overcome a large external resistance, 
and therefore, in comparison with the parallel arrange- 
ment, the current intensity is greater. 
This strikes us much more forcibly, if we imagine 
n number of cells, eects im parallel, and then 
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im series, and calculate the corresponding intensities 
for an infinitesimally small or for a very large external 
resistance. 


I. External resistance very small in comparison 
with the internal resistance (i.e. w,=0). For one 
cell the intensity is :— 


EK E 
W,+W, W,+0 w; 

(a) n Cells in Parallel. (b) n Cells in Series. 
Electromotive force as before =E | Electromotive force =nxE 
Tolerhalsrecat ti 1 __w; | Internal resistance (n times 

nternal resistance (n times less) = — greater) =n x w; 
External resistance (vanish- External resistance (vanish- 
ing) wa=0 | ing) Wa=9 
Intensity of Current. 
ae Bie EAE n  nxEk — 2x (axed 
n Wi Wi 4 wi “RX WitWe NXW;,+0 2X Wi 
Pi To n 
or, if we multiply the number and | Here we strike 1 out, 
denominator of the fraction by n, we 
get: 
nxE E n £E 
= = — j= 3 2 =—_ = ° ° 
oar ay n( =) nxJ, (2a) | Jaseds (2b) 


i.e., when the external resistance is infinitesimally small the current intensity 
of the cells is increased when arranged in parallel, but noT if arranged in 


series. 


Il. The external resistance 1s so great that the 
internal resistance (even when the arrangement 1s 
in series) vanishes. For one cell the intensity (when 


w,;=0) is :— 
’ E E E 
J 1 = SS Sa . . ° (3) 
W,+W, O+W, Wy 
(c) n Cells in Parallel. (d) n Cells in Series, 
Electromotive force - =E | Electromotive force =nxE 
Internal resistance =“ | Internal resistance =n XW; 
PA SS ae : (very small in comparison 
(vanishing towards 2g). ; . with wa). 
External resistance ; ae =wa | External resistance =Wa 
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Current Intensity. 


OE E By, . nxE _=nxE_nxk 


— =—=J’, J’= 
n Wi 0+wa Wa 
— +Wy 


When the external resistance is very great in com- 
parison with the internal, the current intensity is not 
changed when the elements are arranged in parallel. 
But when arranged in series, it is increased, but, for 
a particular external resistance (w,), in no way pro- 
portionally to the number of cells; since, when the 
number of cells in series is very great, the internal 
resistance (n x w,) as compared to w, can no longer 
be left out of calculation. 

As you see, the theoretical result of Ohm’s law is 
quite in agreement with our observations Ta, Pei pes 
257). What then appeared inconceivable, now appears 
as a necessary result of the dependence of the in- 
tensity of current upon the total resistance ; whereas 
at first we only took into account the external resist- 
ance, 1.é. that of the conductors. Let this be a caution 
to you, when commencing the study of a science, 
to give full consideration to all circumstances and 
side issues which may affect any of the phenomena 
observed. 


Since any given number of galvanic cells may be 
arranged in different ways to form a battery (as, for 
example, fig. 123 for six cells), the question arises: 
How must the cells be arranged so as to yield the 
greatest possible current intensity ? 

We must, in this case, have regard to the fact that 
the electromotive force depends only on the number 


of cells arranged in series or groups of cells in 
269 


THE SCIENCE OF ELECTRICITY 


parallel, but that the internal resistance wcreases 
according to the number of groups arranged in 
series, and decreases in accordance with the number 


cb 


3 Groups of 2 El. 


in series, is Ae 2 
2 Groups of 3 EL. 
in series, 


D 


6 El. in series. 
Fig, 128.—Different combinations of six galvanic cells, A, six cells in 


parallel ; B, three groups of two cells each—in series ; C, two groups of 
three cells each—in series ; D, six cells—in series. 
of elements of each group in parallel; therefore the 
current intensity in every combination may differ. 
Hence (see fig. 123) we have for six cells the 
following combinations :— 


Electro- Internal 


In Series.| Parallel. |. otive Force.| Resistance. 


A 1 6 E 41, 
B 2 3 2E 20, 
C 3 2 3K 3u, 
D 6 1 6E 60, 


According as, in the given case, the external con- 


ductor offers a greater or less resistance (wW,), 80 
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will the intensity of current of the battery vary. 
It would be desirable, of course, to choose in every 
case the most favourable combination; that is, the 
one in which the current intensity attains its 
maximum. Theoretical results by Ohm’s law and 
practical experiments confirm the following rule :— 

For a gwen resistance in the conductor (wa), the Best com- 
most advantageous combination of galvanic cells is ete ope 
that in which the total internal resistance of the battery. 
battery will as nearly as possible equal the entire 
external resistance. 

Let us arrange a certain number p of cells in 
parallel, and h of such groups in series; then the 
intensity of current is— 


and we get as the most favourable arrangement 
when the number of similar cells n=h x = 


1.e. the cells of the battery at our disposal must be Practical 
so combined, that the number of groups in series reese 
bears the same proportion to the cells in parallel sera: of 
im each of the groups that the external resistance” 
does to the internal resistance of any one cell. 

Another example may make this more clear. We 
have at our disposal a battery of fifty Leclanche’s cells, 
the electromotive force (E) of which =1°3 volt and 
the internal resistance w,; or 5 ohms. Suppose the 
external resistance to be w, or 15 ohms, what is the 


most favourable combination 2 
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According to the above formula— 


then 
Number of cells in series =h= 3 6| 9 | 12496 


3 . parallel=p= 1 5) Sie 


Number for fifty cellsn=Axp= 31|12 27 | 48 | 75 


That is to say, the best combination is that consist- 
ing of 12 cells each in series, and of 4 each in parallel. 


Hence we can use 48 cells. The greatest current in- 


h 
tensity obtainable in this case would be = Bs = 


pe es 
12x13 12x13 


12 30 
re 5+15 


units of current intensity, cf p. 266. 

We see from this how important it is to be able to 
measure the resistance. But upon what does the resist- 
ance of a conductor depend? We have already learnt 
that the resistance in columns of liquids or in wires in- 
creases in proportion to their length, and to enlighten 
you at once you must know that for uniform conductors 
the resistance must be proportional to the length of 
the conductor. Now we have only to examine what 
influence the thickness or the area of the section and 
the nature (z.e. the material) of the conductors has. 

Let us begin with the more convenient column of 
liquid. We can make use of the glass trough already 
employed (fig. 118, p. 255). Examine it carefully. 
You remark that the surfaces of both zine plates are 
varnished and marked in four equal divisions, 1, 2, 3, 4, 


to serve as guides when the plates are immersed. 
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I pour into the trough a solution of sulphate of zinc 
(ZnSo,) up to the first line (A, fig. 124). Now I 
connect one pole of an immersion cell—that is, the 
one fitted with a rubber bellows, used for blowing in 
air to keep the current constant—by a short, thick 
wire to the galvanometer, and the other pole with the 
binding screw of one of the zinc plates, and the second 
plate also with the galvanometer. I arrange for the 
distance between both plates, which I can read off 
by the paper scale, to 
be 2 cm. I mark the ‘A 
deflection on the gal- 
vanometer by means of 
a pointed triangular » [Eji{ Ml 
piece of paper, gummed oa : 
in such a manner on the 
glass case of the com- 
pass (cf. fig. 112, p. 245) ¢ 
that it is exactly in front 
of the point of the alu- Fig, 124.—Dependence of the resistance 
minium indicator of the Po" the area of section of the conductor. 
deflected magnetic needle. Now let us double the 
amount of fluid in the trough, and ask how long the 
column of liquid must be to offer the same resistance. 
This we shall find out when the galvanometer shows 
the same deflection as before. Now we get the same 
resistance in the column of liquid 


when the area of section g, =1 and the length /, = 2 cm. (A, fig. 124), 
:s 3 ». Qo=2 ms » %t=4cem.=2xl, (B, ,, ), 
” ” ” 73> 4 ” ” le =8 cm.=4x L (C, 9 iS 


that is to say, when the resistances are the same the 
lengths of the conductors are proportional to the 


section (2.¢. the area of the section). But if we take 
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liquid conductors of equal length, then the resistance, 
when the section is twice as great, will only be half, 
and when the section is four times the size, only a 
fourth of the conductor of section =1, or, in other 
words, when the length of the conductors is the same, 
the resistance is in inverse ratio to the area of the 
section. We therefore (for the present for liquids 
only) give the following rule :— 

The resistance of a conductor is directly pro- 
portional to the length and inversely proportional 
to the section of the conductor. 


l 
WW | : ; a - ME 
7 ) 


All that remains is to convince ourselves that this 
is also the case in metallic conductors such as wires. 
As the resistances in these (as you know already) 
are much smaller, then, if we do not use very long 
ones, the inserted wires will only form a small part 
of the total conductor, and hence will only cause a 
proportionately small difference of deflection. We 
must therefore put the deflected needle in that 
position in which the sensitiveness of the galvano- 
meter is greatest—that is, at an angle of 45° 
(Appendix, 31, p. 402). 

To produce this angle, we must be able to regulate 
the current; therefore I leave the liquid resistance 
as current damper in the outer circuit, and lead 
the wires (as in fig. 125) to the mercury cups sunk 
in a wooden block B. The circuit will then be closed 
by the wire m, which is to be examined. The two 
ends of the wires dipping into the cups may be held 
in their places by springs (ff). 

As test wire I take a manganin wire of 102 cm. 
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long, and at about 1 cm. from each end I bend it at 
right angles, so that the distance between the two 
bends is exactly 1m. I now dip the bent ends into 
the mercury cups (fig. 125) and regulate the distance 
(D) of the plates until the deflection is exactly 45°. 
As in the present case we do not measure the angle 
of deflection, but only desire to get the same deflec- 
tion, the commutator is not necessary ; we could, 
also, use any ungraduated galvanoscope we please. 


ON 


resistances of wires, 31, natural size 
(cf. note 1). I, substitution method. 


Now I take a double wire of the same kind, but 
twice the length—the deflection being again 45°— 
and also a fourfold wire, four times as long. I might 
just as well have taken a single wire of double the 
thickness, or, instead of the four separate wires, one 
of a diameter four times as great.” 


oT 


—S 


* The liquid resistance (fig. 125, D) may be omitted, as by 
varying the depth of immersion of the plates the intensity of 
the current may be sufficiently regulated. 


* If the diameter (the thickness) of a wire =d, its radius ete 


7 
2 
and the area of the section Q = mr? - a If, for example, the thick- 


ness of the wire, d=] mm., then its section Q 2S sq. mm. ; but 
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These wire measurements agree therefore entirely 
with those of liquids; 2.e. a all uniform conductors 
the resistance is in direct ratio to the length and in 
inverse ratio to the area of the section. 

This result is striking in so far that here the gal- 
vanic current, speaking figuratively, seems to fill the 
section of the conductor, @.e. flows through the section 
of a wire, but does not move along its outer surface ; 
whereas we were able to conclude from our observations 
in static electricity, that the seat of the electricity is 
there the outer surface of an insulated conductor. 

We will now compare wires of different metals with 
one another. Through the same opening of a draw- 
plate (a steel plate with holes, with sharp edges of 
suitable diameter), I have drawn a few wires of 
copper, silver, German silver, platinum, manganin 
and iron; they, therefore, have the same diameter, 
z.e. the same section. I take wires of equal length 
(1 m.) and use them as measures (in fig. 125), and 
for the silver one I put in the deflection = 45. If 
I replace the silver wire by the copper one, the diver- 
gence is a little less; still more so with an iron one, 
and least with the manganin wire; that is to say, the 
resistance offered by these wires, when their length 
and thickness are equal, is very varied. To get the 
same resistance as in 100 em. of silver wire, we should 
require 93°4 cm. of copper, 15°2 cm. of iron, 7°0 cm. 
of platinum, and only 4:2 cm. of manganin wire. In 
these numbers is reflected also the specific conductive 
power of these metals, which is inversely proportional 

22 = dor 


if d'=2 mm., then Boca sq. mm.; therefore the 


section of a wire of double the thickness is four times as great. 
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to the specific resistance (cf. fig. 127, p. 283). If 

we denote this specific resistance of a wire by s, the Specifie 
length by 1, and the section by 9, then the mathe- “7 
matical expression for the resistance of a wire is 


Wesxl. 
q 

As practical unit of resistance we take that of a 
column of mercury 1 sq. mm. in section and 106-3 
in length at 0° C., called, in honour of the German 
scholar Ohm, 1 ohm (usually denoted by Q). 

Resistances are embodied in accurately proportioned 
wires which correspond to 1, 2,3, . .-:_ 10, 20, 80, 40, 
etc., ohms, and are joined together in a case, resistance 
box or rheostat, so that, by addition, any particular 
resistance may be interpolated in the circuit, An in- 
strument such as this may be used in connection with 
the galvanometer, as a make weight is in a scale. 

A very useful form of this instrument for school 
purposes is the adjustable rheostat. An illustration 
of this as seen from the back is given in fig, 126. 
Three groups, each containing 10 exactly uniform 
manganin wires, are arranged so that by moving the 
three handles (on the front side) we can interpolate 
resistances of from 0 to 1000 ohms. In a box at the 
top of the board is an extra ohm fitted on, divided 
into hundredths with a sliding contact. In this way 
we can put in successive resistances of from 0:05 to 
1111 ohms, and read off fractions of the ohm. We 
shall soon make use of this apparatus. 

The table on p. 279 gives us the power of calculating 
approximately the length of an ohm in a wire of any 
size In any of the above metals when its thickness js 


known. 
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For instance, we have manganin wire of 0°6 mm. 
diameter (therefore 0°3 mm. rad.). That gives a 
section of 0°3°x 0°3 x 7 = 0°09 x Sq ep eee 
sq. mm. (or, shortly, 0°28 sq. mm.). 


Fic. 126.—Adjustable resistance box or rheostat, back view (complete 
with scale and connecting wires), ;{; natural size. 


If the wire (instead of 1 sq. mm.) were exactly 


a sq. mm. in section, then the length required for 
one ohm would be ee of 2°34 m. (see Col. IT.). 
Instead of 0°28 = a sq. mm. section, we have 


28 _ 06552 m., or, in round 


therefore x = 2°34 x 100 = 


numbers, 65°5 cm. 
The resistance of a metre of this wire would, on the 


other hand, be es times smaller than the value (0°427) 


given in Col. JIT. 


Therefore x =0°427 = 28 = U'A97 100 as 42°7 = 1‘53 ohm. 


100 28 28 
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ELECTRIC CONDUCTIVITY AND ELECTRIC RESISTANCE. 


Conductivity. Resistance. 
In Reference | Length of 
to Mercury Deu oo Length Dy agit. 
Material. as Standard | 1 sq. mm. rae 5 : oe 
at 0° C. Seccioias ection. as Standar 
I, ik ITI. LY; 
Hg=1. Metres, Ohm. Cu=1 
Aluminium 30°88 38°82 0°030 1°80 
Antimony. 2°33 2°48 @ 0°406 23°97 
Lead (at 15°C, ) 4°57 4°85 0°206 11°06 
Iron (wrought) . 7°60 8°03 0°125 7°35 
Gold. : : 44°62 47°45 0°021 1°18 
Constantan ( 1°34) ( 2:06) (0-485) 28°30 
Copper (soft) 55°86 59°38 0°017 1 
Manganin 2°20 2°34 0°427 25°38 
Manganese steel 1°39 1°47 0°680 38°00 
Brass (wire) 12°49 13°28 0°075 4°21 
German silver , 2°44—4°18 | 2°59-—4°44 | 0°327-—0°224 22°5 —12°7 
Nickel (ord. temp.) . 8°62 9°16 0109 6°48 
Nickeline. .  .| (2°2-1°8) | (2°34—1°91) | (0-454 —0°556) | (25°38 — 31-03) 
Platinum (ord, ie 6°29 6°69 0°150 8°87 
Mercury . 1°0 1°063 0°941 55°86 
Silver (hard) 57°23 60°84 0°016 0°99 
,, (soft) 63°84 67:87 0-015 0°87 
Steel (wire) 4°84 5°15 0°194 11°54 
Rose’s Alloy 1°41 1°50 0°667 39°62 
Bismuth Neg 0°82 0°87 1°149 67°87 
(pu 0°43 0°46 2°174 129°90 
Wood’s Ries 6° © 1°82 1:93 0518 30°69 
Zinc (hammered) . 16°10 17°11 0°058 3°47 
Coke (gas) . , 0°025 — 0:008 38-113 
Sulphuric acid . 0°0000691 14653 
Zinc sulphate 0°0000045 208850 
Col. I[=1-063 x I; I=_ ; eee 


The most important metals for our purposes are printed in thick type. 


In the above table the numbers in Col. I. are taken 
from Landolt and Bornstein (Phys. Chem. Tab.), and 
the other columns calculated to agree. 

How the resistance of an iron wire changes when 


heated, we 


can easily observe. I put into the 
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circuit of a cell the galvanometer and a thin iron 
wire. As soon as the galvanometer has gained a 
fixed position, I heat the wire with the flame of a 
spirit-lamp ; the stronger the heat of the wire, the 
less becomes the deflection of the galvanometer. The 
resistance to conductivity of iron grows with the tem- 
perature of the wire, or its conductivity decreases. 
According to measurements made by Kohlrausch, 
the conductivity of iron and platinum is as follows :— 


Platinum. Iron. 


Temperature of a room s' G29 8°80 

Red heat. OMe: 0°881 
Yellow red heat . ; = 2°50 0°820 
Beginning of white heat ie 0-791 


The contrary is the case with many non-metals. 
Kaolin (china-clay), for example, only conducts at 
white heat. The carbon filament of those electric 
incandescent lamps (25 candle power) which have a 
resistance of 60 ohms at white heat, at ordinary 
temperature, with weak electric currents, show a re- 
sistance of over 300 ohms. 

It is interesting that only a few metals (lead, tin, 
zine, cadmium) exhibit in their alloys a conductivity 
which in any way corresponds to the conductivity 
calculated on the percentage composition of the alloy. 
All other metals, when alloyed with each other or 
with those last named, show a much lower conductive 
power. For example :— 


Power of Conductivity. 
Observed. Calculated. 


100 parts silver alloyed with 0 vol. percent. tin 100 100 
98 + i: 2 “ : 23-0 98°2 
10 43 Gs 90 ; : 11°5 20 1 

0 i 3 100 ¥) ‘5 11-4 11°4 
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In the case of certain alloys, as, for example, those 
of gold with silver, and copper with nickel and man- 
ganese, the conductivity of the alloy may be much 
smaller than that of the component metals. In 
practice this is important, as from such alloys as 
nickeline or constantan or manganin normal resist- 
ances to be used for measuring can be formed by 
taking comparatively short wires. Especially valuable 
for this is manganin (Cu, Ni, Mn), as its resistance 
alters little between 0° and 45° C.; while the pure 
metals, as we saw in p. 280, exhibit the very strong 
influence of temperature upon conductivity. 

An alloy of 36 per cent. nickel and 64 steel, called 
“invar” from its invariability, exhibits an extra- 
ordinarily small coefficient of expansion (r00b.000) 
for which reason it is very suitable for standard 
measures, aud for the manufacture of pendulums, 
balances for watches, ete. 

We will now examine the relation between the 
resistance of a wire and the heating occasioned by 
the electric current. 

A few conical holes are bored near the edges of Heating of 
this experiment table. In two of them I put turned eeewane 
wooden rods. Between these I stretch a copper wire, 
about 0°3 m. thick and 1 m. long, and about 15 cm. 
distance from each an iron wire of the same thickness. 
On the wires are fastened balls of wax. I now lead 
the current of a galvanic battery, or, with proper 
precautions,’ the electric light current, through the 
two wires arranged one behind the other in series, 


‘ The current may be regulated by putting in 1-10 incandescent 
lamps arranged in parallel. For safety a short leaden wire should 
be inserted in the circuit, which will fuse if the heat is too great. 
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The copper wire slightly bends, and the wax balls 
gradually melt, while the iron wire sinks down 
quickly and the wax balls fall away. 

Now I darken the room and gradually strengthen 
the current—the iron wire glows brighter and 
brighter, at the same time sinking deeper, whilst the 
copper wire just shows dark red. I decrease again 
the resistance—the iron wire has entirely fused, at 
the same time shooting out little bright balls. 

We learn from this, that the greater is the resist- 
ance of a wire, the more heat will it exhibit as the 
electric current passes through tt. 

This enables me to put before you at one and the 
same time the relative resistances of six different 
metals. 

Comparison Here you see (fig. 127) a sixfold manometer, the 
r aence. tubes of which are connected by rubber tubing with the 
momentary tube receivers R, — R, (B, fig. 127). In these receivers 
observation. : i 
are sealed thick, tinned copper wires, connected 
with corresponding fine wires of copper, brass, iron, 
platinum, German silver, and manganin respectively. 
All these wires are of the same length, and, having 
been drawn through the same draw-plate, are of 
the same thickness. They are arranged one after the 
other in series, and hence the same current must 
flow through all, and they must have the same cur- 
rent intensity. 

A fall trough or inclined plane is arranged to close 
the circuit. Along both its sides are strips of 
nickelled copper (C, fig. 127), and at the upper end, 
held into its place by a spring (/) between two strips 
of ebonite, is a nickel-plated brass ball (tg). The free 


ends of the conducting wires I connect with the 
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lighting main, or other source of current. A light 
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Fie. 127.—Demonstration of the relative resistances of different wires, by 
means of the sixfold manometer. First method—Momentary observa- 
tion, + natural size. 


pressure upon the spring (f,) sets free the ball, where- 
upon the circuit is closed for a very short time, while 


II. Method 
according to 
Lenz and 
Looser. 
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the ball touches both the copper strips. The duration 
of contact may be regulated by lowering or raising 
the upper or right end of the inclined plane. 

Now observe the manometer. I let the ball roll— 
immediately the manometer exhibits, by a variety of 
risings in the columns of liquid in the tubes, the 
different degrees of heat, and hence a difference of 
resistance in the wires. 

I had already so regulated the intensity of cur- 
rent and the slope of the inclined plane, that the 
rise of the column of liquid in the copper-wire mano- 
meter was exactly one division of scale. Since the 
capacity for heat of thin wires and of the enclosed 
column of air is small, the fluids sink immediately, 
and after the lapse of 4-1 minute again attain the 
position of rest. 

Now I repeat the experiment, but beg you to fix 
your eyes on the tubes of the manometer (fig. 127, A). 
The heights, you observe, are proportional to the 
heating of the air by the wires, and therefore directly 
proportional to the resistance of the wires, and in a 
measure correspond to the fourth column of our 
table (p. 279). 

Although this experiment is very intelligible and 
easy to perform, it has this drawback, namely, that 
it is difficult to keep one’s eye on several tubes at 
the same time. We must, after the receivers are 
sufficiently cooled, repeat the experiment for each 
tube of the manometer in turn and note the result. 

If the current is weak (1 large immersion cell or 
1 small accumulator will suffice), we might also close 
the circuit for a longer period; still, the unequal cooling 


of the tubes, as a source of error, during the experi- 
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ment must be taken into calculation. Also the fine 
wires may easily melt, or change their resistance. 

I will, therefore, modify the experiment. 

I remove these receivers and put on a wooden 
block (fig. 128) with pegs (Z, Z,), below which fit on 
the two outer tubes (r, fig. 127, B). On the top six 
brass tubes are sunk in the wood, in which glass 
receivers stand, which are connected with the rubber 
tubes of the manometer. 

These receivers, first employed by Professor 
Looser, are double- 
walled glass vessels 
of equal height, (i 
oraduated in c.cm. 
Into each receiver 
I pour 30 ccm. of 
alcohol, and put in 
the wires arranged 
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; : Fie. 128.—Comparison of electric resistances by 
in series through Lenz and Looser’s apparatus. Second method 


of continuous closure of circuit, + natural size. 
corks. If] connect (The pegs, Z, Z,, are inserted in the upper 
the current, there  tubesr, see B, fig. 127). 


appears, in 3-10 minutes, according to the current 
intensity, the action we observed before, which you 
can now easily follow. 

Now we are in a position to define the ampére, 
which is the practical unit of current intensity. 

The practical unit of current intensity, the ampére, The ampsre 
is that current intensity which an electromotive force 
of 1 volt can maintain, when the total resistance intensity. 
ws 1 ohm. 

With this definition of current intensity we have 
for the present only arrived at a theoretical con- 
clusion, for our galvanometer graduation scale, which 


Measure- 
ment of the 
internal 
resistance, 
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we have still to determine, rests upon an arbit- 
rary unit. 

To conclude our study of the galvanic cell, we must 
still settle the question: How is the internal resist- 
ance of a cell or a battery to be calculated ? 

According to Ohm’s law the current intensity is 

E 
= teu). 
and indeed the best combination of the cells of a 
battery is that in which w;=w,; therefore, W;+ Wy = 
2w;; then we get for a single cell— | 
J! | ie? eee ; 


(2) 


But (p. 268) is the current intensity of a cell, 


in the case when the internal resistance =0. This 
is our fingerpost. 

First, we measure the deflection of the graduated 
galvanometer, in the case when the resistance of the 
conductor is a vanishing one, when short, thick wires 
connect the cell with the strong copper ring of the 
galvanometer. Then we put in the circuit of the outer 
conductor a known resistance until the deflection 
is half as great (according to the graduation scale). 
The total resistance is now doubled and, therefore, the 
required internal resistance is equal to the resistance 
which we had to put in circuit in the conductor A 
second method for determining the internal resistance 
of galvanic cells we shall study later. 


' If the instrument used is a tangent galvanometer (as in the 
next chapter), then we can measure the deflection in degrees 
corresponding to half the current intensity. Thus we can 
determine the resistance. 
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There is another question: How will the current 
intensity be distributed if the conducting wire is 
split into many parts, which again become united, 
as in fig. 129? 

You remember we established the fact that in a 
circuit the same amount of electricity must flow 
through every cross-section of the conductor in the 
same time. 

Let us imagine both branch conductors (L, and L,) Kirchhoft’s 
as one single conductor, then through the section of *” 
both- there flows per second the same amount of 
electricity as through every other section; there- 
fore, the current in- 
tensities of the two 
branch conductors (¢, = 
and 2) are together 
equal to the total Fic, 129.—Current intensity in branch 
eilerent intensity ( ig? conductors (L, and L,). 
1.€. 4+l=J. Between the points a@ and b there 
exists a fixed potential difference (v,—%), i.e. in 
both branch conductors the electromotive force (E) 
as the same. According to Ohm’s law the current 
intensity (z) then depends solely on the resistance 
(w, and w,). 


a wer all 


> . l e ° 
therefore : 7, +i, = — + — (or 1, +7,=w,+w,). 
w,° w 


In the case of several branch conductors between 
two points in the path— 


d= 1, > be ° 5 A . = CO ST 
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This law, discovered by Ohm and put into effect by 
(and named after) Kirchhoff, gives us a means of 
measuring with a graduated and very sensitive 
galvanometer even very great current intensities. 

If we give to both branch conductors (I, that of the 
galvanometer, and II, that of the so-called ‘‘ shunt”) 
resistances which stand in a certain proportion to each 
other, say 99-1 (therefore I+II=99+1), then the 
current distributes itself so that through the con- 
ductor with the smaller resistance (the shunt), a current 
ninety-nine times as great flows as through the 
other branch (2.e. that of the galvanometer). Only 


one part, namely, fe of the total intensity (99 + 1) 


passes through the galvanometer. If we measure 
the current intensity (7) in the galvanometer, the total 
intensity J=1007. We shall make immediate use of 
this convenient method of increasing the extent of 
the measuring power of a graduated galvanometer 
(cf. figs. 180, 131), but we will first follow the fall 
of the current in the two branch conductors, L, and 
L, (fig. 129, p. 287). 

Between the points a and 6b there exists, as you 
saw, the same potential difference. In the branch 
L, a point (y) of equal potential corresponds to every 
point of the branch L, (eg. x). If these two points 
(x and y) are connected by a conductor (the “ bridge”) 
and a galvanoscope, then no current will flow through 
the bridge, v.e. the indicator of the galvanoscope 
must remain on the zero point. ‘Then, according to 


Ohm’s law, the ratio of the resistances must be 

ax ay 

xb yb 

resistance of a wire (cf. also fig. 182). 
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SOLENOID GALVANOMETER 


The action of great resistances upon the current 
intensity (cf. p. 257) and the law of branch currents 
enables us to extend very considerably the range of 
measurement of a galvanometer. 

You see here (fig. 130) a solenoid—or, as it is some- 
times called, a moving-coil galvanometer, Instead of 
a magnetic needle, there is between the poles of a 


Fie. 180.—Solenoid galyanometer, new form, 4 natural size. Also 
available as voltmeter and ampéremeter, (The glass cover has 
been removed. ) 


strong ring magnet (NS, fig. 131) a solenoid (So), 
which is made to turn round a horizontal axis by the 
force of the current (cf. fig. 111, C). 

The solenoid in this case strives so to place itself 
that its current flows in the same direction as the 
molecular currents of the magnet (p. 223). To the 
ends of the axis two fine hair springs (f, f2) are 
fastened ; they are tightly stretched and coiled in 


opposite directions. By them the solenoid (zero 
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position) is kept in position when at rest, 7.e. when 
no current traverses it. 

The extent of the deflection of the solenoid will 
depend on the intensity of the current, and one of 
the springs will be more stretched than the other. 

The angles of deflection are directly proportional 
to the current intensity, as you can gather by 
looking at the scale, where the distances are the same 
(fig. 130, p. 289). 

The great advantage of this solenoid galvanometer 


Fie. 131.—Diagram of the switchboard of the solenoid galvanometer, 
+ natural size. 


over the compass needle is that its oscillations cease 
much more quickly, and that—on account of the 
strong directing force of the magnet—vzt is not 
necessary that the apparatus should be placed in the 
magnetic meridian (Appendix 38, p. 407). 

From the diagram of the galvanometer switch-board 
given in fig. 131, you perceive that the handle or switch 
Ku may be placed on any of the three metal knobs 
(0, 1, 2). Im the first case (fig. 131), if the elec- 
trodes of the cell are connected with the binding 
screws (k, k,), the suet for example, flows from 

2 
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k,, through the switch (by way of 0, 0’, a) and through 
the solenoid (So) to the binding screw (k,). In 
this case the galvanometer only is in the circuit 
(maximum sensibility). 

If we place the switch on 1, then the current must Resistance 
flow (over 1’) through the resistance W, previously Lise 
putin (in this apparatus 245 ohms), before passing “ircuit. 
into the solenoid, If the switch is on 2, then both 
resistances (W, and W.) are put in the circuit (here = 
2450 ohms). 

Now we know (p. 257) this: If the external re- Voltameter. 
sistance is so great that the internal resistance 
vanishes, then the current intensity and therefore the 
deflection of the galvanometer is proportional to the 
number of cells in series—that is, proportional to the 
electromotive force. This we measure in volts. Now 
the arranged resistances of this apparatus. are so 
proportioned that (when the switch is on 1) 1 degree 
of scale corresponds to 0°5 volts; on 2 it corresponds 
to 5 volts—that is to say, with this galvanometer 
we can determine directly the electromotive force of 
galvanic cells or batteries, whereby a double range 
of measurement is at our disposal. 

The utility of this apparatus is by no means 
exhausted by this. You notice on the right of fig. 131 
three little metal blocks, quite close to each other, but 
not touching. I take the plug (St) out of the opening 
of the right block and place it in the hole I. By 
so doing an extra conductor is put in circuit from shunt, 
the block b through the spiral wire S, (over 0’ and a), 
so that a branch current is established. The resist- 
ance of the thick conducting wires of the switch-board 
does not come into EIBy pale resistance §, in the 


Ampere- 
meter. 
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shunt (as it is called) is so proportioned (0°18 ohm) that 
the deviation of the indicator is exactly one degree 
of scale, if a current of 0°1 ampére flows through the 
main conductor. If I place the plug in I, in the 
shunt there is a resistance (0°018 ohm) ten times 
less—therefore 1 division on the scale corresponds 
to 1 ampere in the main conductor. 

The range of measurement of the galvanometer 
accordingly is— 


1. As voltmeter 2 0-5, z.e. 0-50 volts. 
2. ,, amperemeter . . 0-1, ,, 0-10 ampéres. 
3. ,, sensitive galvanometer! .  . 0-20 milliamperes. 


In practice the amperemeter is put in the direct 
circuit of the effective working conductor, as, on 
account of the small resistance of its shunt, it has 
little influence on the current intensity. The volt- 
meter, on the other hand, is connected by a branch 
conductor to the poles of the battery (or to the two 
points whose potential difference is to be determined). 
On account of the great resistance they put in the 
circuit, they take from the main conductor a very 
small portion of its current intensity. The voltmeter 
when put directly in circuit with the main conductor 
would indicate correctly the electromotive force only 


1 The resistance of the coil of the solenoid is in this apparatus 
9°3 ohms; that of the shunt S,=0-018 ohm; consequently the 
OOTS of the 


current intensity in the galvanometer branch is only 


0-018 0:018 
(93+0018) ~9318 7 ON? OF 
the total current intensity. Since (with the shunt S,) 1 division 
of scale =1 ampere, then on the sensitive galvanometer 1 division 
of scale =0°0019, or, in round numbers, 2 milliampéres. The 


range of measurement is therefore 0 - 20 milliamperes. 
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for such time as the resistance of the conductor was 
small in comparison with the resistance offered by the 
voltmeter. An experiment when the rheostat is put 
in circuit (fig. 126, p. 278) shows this very plainly. 

This volt and ampéremeter puts us also in a position Determina- 
to determine in a very convenient way, without epee 
rheostat, the internal resistance of galvanic cells. Sameera 
First, we put the switch on 1 (fig. 131), and connect 
a cell with the apparatus by short, thick conducting 
wires. We get 4 divisions of scale=2 volts. We 
now put the plug (St, fig. 131) in opening IT and 
push the switch on to 0. The apparatus indicates 8 
amperes. We have, according to the formula— 

j= FE, =0), 
W,+Wy UW; 
in which case w,, the required magnitude, is 


8 : 2 volts 
amperes = ees : 


therefore 


= : = 0°25 ohms. 


This method of determining the inner resistance 
is subject to limitations, on account of the range of 
measurement of the amperemeter. We could not, 
for example, employ the large immersion cell (p. 262 
and footnote), as we can only measure up to 10 
amperes. 

Although this galvanometer is very convenient, 
still, | forebore to use it in our early experiments, as 
its complicated construction would then have been 
unintelligible to you. Also, on account of the great 
resistance of the solenoid coil (9°3 ohms), it is not 


very suitable for proving Ohm’s law, in cases where 
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the external resistance is vanishingly small in com- 
parison with that of the internal. As the interior 
resistance of an ordinary immersion cell is about 0°4 


ohm, the resistance of the solenoid is a = 23 times 
greater. 

With the help of this galvanometer arranged as a 
voltmeter, the experiment on p. 215 (fig. 94) is much 


simplified. 


Kirchhoff’s law (p. 287) gives us a means of deter- 


Fic. 132.—Measurement of resistance—II method—by Wheatstone’s bridge 
(zero method). R, rheostat; x, the wire to be tested; G, galvano- 
meter ; E,, E,, E, cells arranged in series (4 natural size), 

mining the resistance in the wires much more accur- 

ately than in our experiment on p. 275. The branch 

current used is called, after its discoverer, “ Wheat- 
stone’s bridge.” 

Here (fig. 132) you see the diagram of this. 
Between A and B there are two branch currents, 
ACB and ADB, in which AD and DB are sections of 
the same scale stretching from A to B. The wire 
under examination (X) is connected to the two 
binding screws s, and s,, and thick copper wires of 


very slight resistance are joined to A and B re- 
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spectively. Between C and B a manganin wire 
(R) of accurately known resistance (eg. 1 ohm) is 
inserted. To the constant measuring wire AB 
(which is divided into 100 equal parts) a movable 
contact (D) is fitted. The galvanometer (g) is con- 
nected with the screw C and the movable contact by 
insulated wires. The three cells (dry or Leclanché’s) 
arranged in series are joined with the binding 
screws A and B. In the circuit a contact key (K) 
is arranged. 

If we put on the current by pressing down K, the 
indicator of the galvanometer exhibits a deflection. 
By pushing along the sliding contact we can render 
the galvanometer current less (zero method). In 
this case— 


therefore 
Rxa 
100-a 


According to the position of the sliding contact (D) 
(fig. 1382), a=36, therefore 100-a@=64, and so we 
get as resistance of the wire x (under examination), 
since R =1 ohm— 


36 
x=1ohmx Pe 0°5625 ohms, 


By putting in different resistances for R (eg. 
0°1; 1; 10; 100 ohms), the range of measurement 
of this measuring bridge is much increased. It is only 


necessary to connect, by means of short, thick wires, 
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the rheostat (fig. 126) with the screws B and C (when 
the other wire has been removed). 

According to this or a similar method, the resist- 
ances given in table (p. 279) were determined. 

We have thus finished a long day’s journey, and 
in the next chapter we shall study a new dynamic 
action of the galvanic current. 
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CHAPTER V 


Heating effect of the galvanic current. Electric incandescent lamps. 
Electrolysis of water. Detonating gas voltameter and hydrogen 
voltameter. Electro-chemical equivalents. The volt, the ohm, and 
the ampere as practical units of electromotive force, of resist- 
ance, and of current intensity. Calibration of the electrometer in 
volts. Comparison of the scale of the tangent galvanometer with 
the scale of degrees, Tangent galvanometer as measuring appar- 
atus. Reduction factor for the galvanometer. Electro-metallurgy. 
The electric telegraph (Lesage, Sommering, Schilling, Gauss and 
Weber, Steinheil, Wheatstone and Morse). Polarization currents. 
Secondary cells and accumulators, Thermo-electric currents. 


In the last chapter we took as the measure of current 
intensity, the deflection of the magnetic needle caused 
by the galvanic current, and after we had transformed 
our galvanoscope into a galvanometer by graduating 
it, we discovered— 

1. That ifa galvanic current flows through a conduct- Retrospect. 
ing system, other things being equal, the longer the 
conductor or the smaller its cross-section, the weaker 
is the effect upon the galvanometer. The cause of 
this feebleness of current intensity in the conductor 
we call its resistance. In uniform conductors the 
resistance is in direct ratio to the length and in 
mverse ratio to the area of the cross-section. The 
resistance (w) and the conductivity (2) of a conductor 


ure In reciprocal proportion to each other (w=5). 
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The practical unit of resistance (1 ohm) is a uniform 
thread of mercury of 1 sq.mm. section and 106°3 cm. 
in length at 0° C. 

2. The current intensity (J) is dependent upon the 
other magnitudes. It is in direct ratio to the electro- 
motive force (E) of the cells and in inverse ratio to 
the resistance of the whole circuit (W), 2e. to the 
internal resistance (w,;) inside the cells themselves 
+ the external resistance (w,) in the system of 
conduction. ‘Therefore the current intensity is 


It follows from this law of Ohm that the current 
intensity will be wcreased by the vanishingly small 
external resistance of cells in parallel, but the op- 
posite when the external resistance is made much 
greater by their arrangement in series. The grouping 
of elements in a battery which gives the greatest 
results is that in which the total internal resistance 
is equal to the total external resistance of the circuit 
—that is to say, the number of groups of cells in 
series must be in the same proportion to the number 
of cells in every group arranged in parallel, as the 
external resistance is to the internal resistance of 
one cell. 

8. If the current conductor is “ branched” between 
two points in the path, then the current intensities 
of the single branches are in inverse ratio to the 
corresponding resistances of the branches (2;+4; .. . 

1 1 
This law of Kirchhoff gives us a means of measuring 


the strongest currents by so choosing the resistances 
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of two branch conductors that through the part of 
the conductor in which we measure the current 
intensity there flows a well-ascertained fraction of 
the whole current. 


In the last chapter we learned upon what circum- 
stances the current intensity (that is, for the present, 
only the action on the galvanometer) depends, but 
our experiments with the galvanometer gave us no 
foothold on which to base the definition of that current 
intensity which was to form our wnt. When graduat- 
ing the galvanometer we took, arbitrarily, a constant 
current =1. The expression quantity of electricity 
per second, which flows through the section of the 
conductor, is borrowed from its analogy to a stream of 
water, and hence is only to be considered as a figura- 
tive manner of speaking, for we possess no sense-organ 
capable of perceiving electricity, and therefore cannot 
measure its quantity directly. It is to be expected 
that the electric current, which draws the magnetic 
needle from its position of rest, and lends to iron in 
its character of electro-magnet such an enormous 
attractive force, may also produce effects of another 
kind. Perhaps among these we may discover what 
we seek; namely, a practical measure for current 
intensity. 

I. Here stand three large Bunsen’s cells (cf B, 
fig. 89, p. 202). I arrange them in series in a battery. 
To one free pole I fasten a fine metal thread (tinsel, 
such as is used for Christmas tree decorations). Will 
one of you kindly screw the other end to the free 
pole of the third cell? You drop the thread hastily 


because it has become too hot to hold. 
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On p. 282 we learned that wires through which a cur- 
rent passes begin to glow, and, if the current is strong 
enough, to melt. This heating effect of the electric 
current is taken advantage of in practical matters 
in the exploding of mines, blasting of rocks, ete. 

This is an electric lamp (fig. 183), consisting of a 
small pear-shaped glass vessel, exhausted of air, in 
which two platinum wires, connected by a delicate 
hair-like loop of carbon filament, are fused. 

If I turn the current of the three 
cells into the carbon filament, by 
connecting the loops of platinum — 
protruding from the glass vessel, it 
begins to glow with a bright golden 
light. For household use these 
lamps, of course, get their power 
from a different source, which we 
shall study later on. 

The conductor is heated by the 
Fie, 133,—Electricin. Clectric current, and, indeed, the 

CRAs one worse the conductor or the greater 

its resistance, the greater the heat. 
You can now guess whither, when we “damped” 
the current and so put a resistance in the circuit, 
the apparently lost energy went. The electric energy 
was changed into heat. We might now try to de- 
termine the amount of heat generated by a current, 
but the very laborious and difficult experiments of 
Lenz and Joule have proved that the amount of heat 
generated in the current conductor is indeed in direct 
proportion to the resistance of the conductor, but 
not to the current intensity itself. It is actually 


proportional to the square of the current intensity ; 
300 


ELECTROLYSIS OF WATER 


and accordingly the experiment is not suitable for 
our present purpose. 


II. We will now study a chemical and. dynamical 
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Fie, 134.—Electrolysis of water, 7, natural size. A, detonating gas 
voltameter, new shape ; B, hydrogen voltameter, new shape. 


effect of the galvanic current, or what is called the 
decomposition or electrolysis of water. 

You see here (A, fig. 134) a glass tube closed at the Gas volta- 
upper end by a stop-cock ; while the point into which ™°*™ 
it is drawn out connects with a hollow glass ball (a) 


by a rubber tube not shown in A. The glass tube 
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is graduated in fifths of a cubic centimetre. The 
lower end of the tube widens out into a ball-shaped 
distention, and thence contracts into a neck. A 
spring clamp (R,) holds this, whilst beneath the tap 
at the top a screw clamp (S) binds the tube to the 
holder. Into the lower orifice a funnel-shaped rubber 
stopper with holes bored in it (see G, centre figure) 
is pushed, and through this waterproof stopper are 
inserted two strong copper wires carefully painted 
over with amber varnish: these are soldered to the 
platinum strips or electrodes (p p). The outer 
ends of the copper wires are provided with nickel- 
plated binding-screw terminals (K, K,). The small 
glass tube of the rubber stopper is joined by a rubber 
tube with the funnel T, which, with its connecting 
ring (R), may be raised or lowered, or taken out 
of its holder altogether. 

I pour distilled water into the funnel and open the 
stop-cock until the tube is full. I now connect the 
binding-screws with the electrodes of three Bunsen cells 
arranged in series (fig. 135, p. 306). You notice no 
effect, and the galvanometer inserted in the circuit 
shows no current—that is to say, chemically pure 
water does not conduct the electric current, and is 
not decomposed by it. I interrupt the current and 
take off the funnel while the stop-cock is opened. 

After all the water has flowed out, I put the funnel 
in its place, fill the apparatus with diluted sul- 
phuric acid (strength 10%), and close the stop-cock. 
Observe the apparatus. If I now close the circuit, 
we see a turbulent movement in the column of fluid, 
because from the platinum electrode a brisk flow of 


gas rises. In a few minutes we obtain nearly 30 
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c.cm. of gas. This apparatus works very energetically, 
as the distance between the platinum plates is only 
2 mm.; therefore the resistance of the wall of fluid 
lying between is comparatively very small. 

What kind of gas is this? I take a tube of strong Oxyhydro- 

glass 180 mm. long, 20 mm. internal diameter, closed sephern 
at one end, and enclosed in wire netting, which I wrap 
inacloth. Upon the little tube (7) of the ball (a) (fig. 
134) a piece of rubber tube has been slipped, and this 
I push into the glass tube. Then I open the cock, and 
keep it so until all the gas has escaped into this last. 
I take away the tube and put the flame of a candle to 
its opening—a loud report follows, like a pistol shot, 
but on account of the precaution we took, the explosion 
does no damage. Let us examine the tube. You see 
it is cracked and small drops of moisture have con- 
densed on the sides of it. We have not, therefore, 
to deal with a simple gas. The water has been 
decomposed into its parts, hydrogen and oxygen, 
which have again united as moisture. The compound 
of hydrogen and oxygen is called detonating gas. 
The apparatus used by us is, therefore, called the de- 
tonating gas voltameter. 

In this case a complicated process has been gone 
through. The electric current decomposed the 
sulphuric acid, which chemically decomposed the 
water in order to regenerate itself. But the final 
result is as if the sulphuric acid had remained un- 
changed and only the water had become decomposed ; 
hence the name, decomposition of water. 

To keep the two gases separate we make use of Hydrogen 
another apparatus (B, fig. 134, p. 301). A tal] Vtameter 
U-shaped glass tube, re its legs equipped as in 
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the former case, has at its lower end a rubber stopper 
supported by a strong two-pronged holdfast (SP). 
The platinum electrodes (pp) extend up into the 
legs. The funnel T at the top is larger than the 
other one, for its capacity must be equal to that of 
the two legs of the tube. 

I fill the funnel with diluted sulphuric acid (10 per 
cent.) and open both cocks until the legs are filled. 
As soon as I put the current through, you see a brisk 
flow of gas ascending in both legs, but from the 
positive electrode or the anode it is much less than 
from the negative or kathode. 

I raise the funnel until the level of the fluid in it is 
about 1 em. higher than the taps (B, fig. 184, p. 301). 
When about 20 c.cm. of gas have been generated by 
the kathode, I open both taps carefully and let the gas 
escape. I repeat this several times, until (in about 
five minutes) the fluid in both legs is saturated with 
the gas’ passing through it. 

Now we can proceed with the experiment proper. 
When the taps are closed, I interrupt the current, 
until the gas bubbles have collected at the top, then 
I let the gas escape and close the taps. Now look 
at the clock. 

I turn on the current. In three minutes I stop the 


+ Water absorbs gas, especially oxygen. If we had performed 
the experiment immediately, the amount of oxygen received would 
have been too small. The fact that oxygen is absorbed much 
more strongly than nitrogen by water, is of great importance for 
animals and plants dwelling therein, While atmospheric air 
contains only | part by vol. of oxygen to 4 parts of nitrogen, the 
air obtained (by means of an air pump) from fresh or sea water 
contains considerably more oxygen than the atmospheric air (about 


33 per cent.). 
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current and wait until the gas bubbles have risen up. 
On the kathode there is about 40 c.cm. of gas. Now 
I lift the funnel out of the ring and hold it near the 
tube, so that the surfaces are at the same level. At 
the kathode there are now 42 c.cm. of gas; at the 
anode 21 ¢.cm., z.e. only half as much. By getting 
the surfaces of both columns of fluid at the same height, 
the gases in both legs are measured under the same 
pressure (1 atmosphere). Upon testing, the larger 
quantity is found to be hydrogen, the smaller oxygen. 
Water consists of 2 parts by volume of hydrogen 
to 1 part of oxygen. 

The quantity of detonating gas, at the first experi- 
ment, or the quantity of oxygen, which is set free 
in a given time, for example in one minute, may serve 
as measure of the current intensity (Jacobi’s current 
unit yields 1 c.cm. of detonating gas per minute); but 
this process is less suitable for accurate measurements 
than that described at length below. To get results 
capable of being compared, the gases must be quite 
dry, and measured at a temperature of 0°C. and 
760 mm. barometric pressure, or they may be reduced 
by calculation to this temperature and pressure. 

These, as also the following apparatus, ought to 
be called chemical current-meters. The name “ Volta- 
meter” usually given is very unfortunately chosen, 
as Volta had nothing at all to do with its discovery. 
[t is also liable to be confused with voltmeter, 7.e. an 
apparatus for the determination of the electromotive 
force in volts, such as the solenoid galvanometer, with 
resistance inserted in circuit. | 

III. I now replace the electrolysis apparatus by a Copper 


vessel (A, fig. 135) containing a concentrated solution Vl@meter. 
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of sulphate of copper, in which two bright plates of 
sheet copper are immersed. I put in the circuit also 
the commutator (C) and the galvanometer (D), as in 
‘fig. 135. 

This apparatus is called a copper voltameter. 

We have learned in the preceding experiments how 
to reverse the current in the galvanometer while its 
direction remains unchanged in the copper voltameter 
(A). By moving the copper plates in the voltameter 
together I can diminish its resistance, and therefore 
increase the current intensity until the galvanometer 


‘ Fie. 135.—Copper voltameter (A). Galvanometer (D) connected with the 


battery (B) by the commutator (C) in such a way that the current only 

reverses the direction in the galvanometer. [Distance of copper plate 

(ak)=5mm.]). 7p natural size, 
reaches its most sensitive deflection (45°, 2.e. about 8 
units of scale). In a few minutes I take out the 
plates, clean them, and dry them by wiping them 
with filter paper and warming them over a spirit- 
lamp. Now I pass the plates round, but please take 
hold of them, especially the negative electrode (known 
by its smooth copper surface), at the place where the 
conducting wire, covered with sealing wax, is soldered 
on. You will remark at once that the kathode is 
covered with a fresh film of copper, while the anode 
appears as if it had been eaten away by the acid. 


On the plate on which the (positive) current operated 
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copper was set free and deposited on the other plate, 
while apparently the solution of copper has remained 
unchanged. The metal goes with the current. 

We will now determine the additional weight 
received by the kathode or negative plate. On the 
side table there is a very sensitive balance. I place 
the plate upon one of the pans, and upon the other 
shot or sand, until the two balance each other. Now 
I place each plate in its place and again regulate their 
distance, until the deflection on the galvanometer 
reaches 7°5 divisions (44°6°). After reversing the 
direction of the current we get 7°6; therefore a mean 
of 7°55. Now let the current pass through for five 
minutes, and observe the galvanometer at the end of 
each minute :— 


I. Current II. Current 


Direction. Direction. Average. 
At the beginning . ; 75 7°6 755 
After 1 min.. ; : 74 7:58 7°49 
eh ae aa f 7°45 75 7°48 
eer oat, - ; 7°4 75 7°45 
cre << Sane 4 ; 74 75 1:45 
fi A ee : : 0:35 7°45 7°40 
The current is interrupted. 
Average . : ruG al 


= 


When again wiped and dried in the same way, the 
kathode plate weighs now about 0°565 er. or 565 mg. 
more than before. ‘This amount of copper has been de- 


posited in five minutes, therefore the amount of copper 
113 


given up in one minute = 0°113 gr.= 113 mg., or go = 
1°88 mg. per second. 
The additional weight of the negative electrode 


would have been much greater if we had made use of 
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two silver plates in a diluted solution of nitrate of 
silver (lunar caustic). For accurate current measure- 
ments, therefore, Poggendorf’s silver voltameter is 
employed. 

As we recently saw, the current intensity depends 
on the electromotive force and the resistance of the 


whole circuit (J =~). Therefore, for two of these 


magnitudes we can choose arbitrary units, as the third 
magnitude is already determined. Let us take, for 
example, as unit of electromotive force the cell of a 
Daniell’s battery, and as unit of resistance that of a 
thread of mercury with a cross-section of 1 sq. mm., 
and a length of 106°3 cm. (1 ohm); then, if the resist- 
ance of the whole circuit is known, together with the 
electromotive force of the battery used as defined by 
the electrometer, we can calculate (of course in terms 
of the usual arbitrary unit) the current intensity for 
every single case. But as resistance measurements are 
full of detail and require special apparatus, it is often 
desirable to find a means of measuring the inten- 
sity of a battery with the conductor put directly in 
circuit. The deviation of the magnetic needle of the 
galvanometer, known as ‘‘galvanometric action,’ would 
be very convenient, but for the present it gives us 
only an arbitrary measure, so that the measurements 
obtained from so many different instruments cannot 
be compared without further arrangements. We 
must therefore look about for absolute measures, 

We already know that the practical unit of electro- 
motive force, or the potential difference at the free 
poles of a battery proportional to it, is called the volt ; 
still, in static electricity we were totally unable to 
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meet with a source of electricity, the electric level 
of which could always be restored. But: the con- 
stant cells, especially Daniell’s, provide us with an 
excellent source of the kind required. We might 
simply adopt as practical unit the electromotive force The volt as 
of a Daniell’s cell, and reasons of a merely theoretical Practical umt 
nature have been the cause of our taking a somewhat motive foree. 
smaller electromotive force as more suitable for the 


practical unit, namely, the voldt. 


1 volt= en 0°934 of a standard Daniell’s cell. 
Our aluminium electrometer, when being graduated volt scale of 
with the normal condenser, yielded for 1 Daniell a oe ene 


deflection of a’,=15°; from this, the deflection for 1 © 
volt is calculated as a, = per = 14°02°, or, in round 
numbers, 14°. This formed the basis of the gradua- 

tion (p. 77); therefore our projection graduation scale 

on the electrometer is also a volt scale, 7.e. when 

the standard condenser is used (see footnote, p. 77). 

The divergences on the electrometer observed by 

us earlier, for various galvanic cells, correspond ac- 
cordingly to the electromotive force of the cells in 
volts. 

As unit of current intensity we can imagine that Unit of 
current intensity which is produced by a constant cell eae 
of the electromotive forcee=1 volt, when the whole 
current resistance =1 ohm. It is called ampere, after 
the French physicist Ampére. 

By experiments which I cannot describe to you 
here, it has been found that a current of this intensity 
= 1 ampere. 
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Eliminated. Formed. Decomposed. 
Silver, Copper. Uy hydmery Hydrogen.| Water. 
In 1 min. | 67°08 mg. | 19°68 mg. | 10°44 c.cm, (6°96 c.cm. 5°598 mg. 
In 1 sec, 1:118 mg. 0°328mg.! 0°174c.cm. |0°116 c.cm.| 0°0933 mg.} 


These numbers are called the electrochemical equiva- 
lents of silver, copper, and water, and with their help 
the current intensities of the cells employed can be 
calculated, as we shall see immediately. 

At last, then, we have found for these magnitudes, 
which are so important for us, the corresponding 
practical units or measures. 

If we designate. the quantity of electricity per 
second flowing through the section of the conductor 
at the rate of one ampere as one coulomb, then the 
current intensity = the number of coulombs per second. 

The unit of electromotive force is 1 volt (about 0°9 Daniell). 


resistance is 1 ohm. 
intensity of current is 1 ampeére. 


9 ” 


” PB 


Now (p. 150) 1 coulomb = 3000 million electro- 
static units of quantity of electricity. In order to 
realise what this immense quantity of electricity 
means, imagine two coulombs of like electricity at a 
distance of 1 kilometre. These would exercise upon 
each other a force of repulsion equal to a force capable 
of lifting a weight of 900 kilogrammes. 

During the last experiment our batteries deposited 
in five minutes 565 milligrammes of copper, or 113 in 


one minute. ‘The currentintensity, therefore, averaged 
eae or 5‘7 amperes: that is, 5"7 coulombs flowed every 
second through a section of the conductor. 
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You now understand what a rich source of electric 
supply we have in the unpromising-looking galvanic 
cell, and therefore you will cease to wonder at the 
wonderful lifting power of electro-magnets. 

We might have employed as amperemeter the 
solenoid galvanometer (fig. 130, p. 289) instead of the 
tangent galvanometer, but we should have had to 
settle the value of our calibration scale, and the fine 
wire of the solenoid might have been affected by the 
continuance of the current. 

I again remind you of the fact that—even when 
constant cells are employed—the current intensity has 
no constant value; nor can it, unlike electromotive 
force, have any, since a change of current intensity 
follows every variation, either in the circuit of the 
conductor or in its resistance. 


Let us again turn our attention to the galvanometer. 
While a current of 5°7 ampéres flowed through the 
circuit, our galvanometer averaged (when the ring 
was in its normal position) 7°47 divisions of the scale ; 


therefore one unit division of seale = 7 = 0-768 


amperes. We might employ this number as a cali- 

bration constant to reduce the readings of the Calibration 

instrument to amperes. sehr 
Our galvanometer is so constructed that both ring 

and compass can be placed horizontally, so that, with 

the help of the fixed sight (fig. 112), the angle of 

deflection can easily be read; also the ring itself can 

be lowered to decrease the divergences, without, at the 

same time, altering the resistance wn the current. By 

this means the graduation is very much facilitated. 


But as all galvanometers have not this arrangement, 
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it will certainly interest you to learn what relation 
the angle of deflection, read off in degrees, bears to the 
current intensity. | 

I project (fig. 1386) on the blackboard the quadrant 
of a circle, divided into degrees 0° to 90°, and 
set off along the circumference the values of the 
scale found when we were graduating. Then I 
draw a line AB parallel to the diameter 7, passing 
through the zero point 0, and from the centre M, I 
draw radii through the scale points to line AB. The 


Fic. 1386.—Relation between degree scale and calibration scale in 
the tangent galvanometer. 
points at which the radii cut the line, I mark with 
the corresponding figures 1, 2, 3, ete. 

You, of course, understand that from AB almost 
exactly equal portions are cut, 2.e. the sections of the line 
AB (counted from point A) are proportional to the calt- 
bration degrees, and therefore proportional to the cur- 
rent mtensity. A section ¢ of the line AB corresponds 
to a deflection of the galvanometer, observed in degrees, 


=a, Now the value of the fraction < is the so-called 


trigonometrical tangent of the angle a ( = tan a). 


If now a current of the strength J causes a 


deflection =a", then the corresponding distance on 
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AB=t, and is proportional to the current intensity ; 
similarly also the fraction : (since the radius 7 has 
a constant value). Therefore the trigonometrical 
tangent of the angle a (tan a= : ) is a measure of the 


current intensity. 
Current intensity J =k x tan a’. 
Where & is a constant factor, depending on the 
dimensions of the apparatus, and called the reduction 
factor of the compass. We can therefore call the Reducing 
compass a tangent compass or tangent galvanometer meme 
(Pouillet, 1837). vanometer, 
More accurate measurements prove that for galvano- 
meters of this kind, the (trigonometrical) tangents of 
the angle of deflection are actually proportional to the 
corresponding current intensities, but only when the 
magnetic needle is very small in comparison with 
the diameter of the conducting ring. And in our 
apparatus this is the case, because the length of the 
needle is scarcely a tenth part of the diameter of 
the ring. Hence the uniformity in the length of the 
sections of AB (fig. 1386, cf Appendix, 36, p. 409). 
IV. Our copper plate is still lying on the scale pan. flectro- 
I take it up and bend it about. You hear a crackling, See 
and, look! a delicate copper film comes away—that is, 
the thin layer of copper just deposited may be pulled 
off bit by bit, and exhibits with photographic exact- 
ness an impression of the coarse copper plate. But 
what in the plate before were reliefs are now depres- 
sions, and what were depressions have become reliefs. 


1 If a=45°, tan a=1, therefore J=k, 2.e. the value of the 
factor / indicates the intensity which causes the deflection of 45° 
in the galvanometer. 
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This observation, first made by de le Rive (1836), 
simultaneously gave the idea to Jacobi in Russia 
and Spencer in England of taking by electrotype 
metallic impressionsof different objects, such as medals, 
etc., and in this they were successful. Jacobi called 
this process galvanoplasty (electro-metallurgy), fore- 
seeing that this galvanic picture-making would give 
rise to a new industry. Look at the figures in this 
book. They are woodcuts; but not a single one of 
the boxwood blocks, upon which the drawing has been. 
engraved, is used for printing from, but an impression 
was first taken from the woodcut, which shows all the 
reliefs as depressions and wice versa, and it 1s therefore 
called the negative. The wood engraving is well 
rubbed with oil and then pressed into a plastic 
hardening mass of heated caoutchouc, plaster, paste, 
etc., and the negative so obtained made conduct- 
ing by brushing it over with graphite or bronze 
powder. Of this is formed by the above means 
the positive or cliché of copper, or (by a special 
process) of zine. 

Phototyping or autotyping is a particular branch 
of this art. A photographic negative is first laid upon 
a film of bichromated gelatine, which is very sensitive 
to light, and is exposed for some time. It is then placed 
in water, and the parts not affected by the rays swell 
up, while the other parts appear as hollows. The same 
action may be observed when developing a photo- 
graphic plate while still damp. When the gelatine 


film has been hardened by dressing it with formal- 


dehyde, an electrotype impression is made from it, 
which is called the cliché or stereotype plate. Asa 


great many more impressions can be made from a 
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metal plate than from a wood-block, and from a nega- 
tive as many positives of equal excellence as are 
required can be taken at any time, the advantage of 
this invention will be clear to you. 

The copper plates formerly employed in printing 
geographical maps required much time, were very ex- 
pensive, and, after all, only yielded a small number 
of good impressions. Every new plate involved the 
same expense as the first, and even then an exact 
reproduction was impossible. Now a single plate, 
though the initial cost is twice as much and involves 
twice as much preparation, gives sharply defined 
and accurate pictures from which a negative may 
be formed, and from which positives (either clichés 
or galvanotypes) may be made in any number, all 
being of equal excellence. Hence we can now get Galvanotype. 
school atlases of extraordinary excellence at a merely 
nominal cost. And, to give another example, books, 
whose contents do not change, as, for example, tables of 
logarithms, may be revised and corrected as accurately 
as possible, and then a galvanotype impression made ; 
so that for subsequent editions an entirely faultless 
copy is assured which is called stereotype, and the 
dearer movable types may be taken out and used 
again, whereby much time and expense is spared. It 
will be known to you that various articles are now 
silvered or gilded or nickel-plated by this galvanic 
process, partly to give them a more attractive appear- 
ance and partly to preserve them from rust. 


V. While on this subject of the technical employ- 
ment of the electric current, a few words may be said 


upon one of the most interesting and important 
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inventions of the nineteenth century, namely, long 
distance writing or the electric telegraph. 

The need of some method of transmitting news 
with the greatest possible swiftness from one place to 
another led to the construction of the optical tele- 
graph, which remained in use until the year 1837, and 
is in some cases still employed, as on the battle field 
or in scientific expeditions. But the time employed 
in making the signs and the uncertainty of its working 
properly—tor example, during thick fogs—made it 
desirable to discover some means of applying electri- 
city to telegraphy; and thus, close upon the heels 
of many other striking discoveries in the domain 
of electricity, there followed experiments with the 
above object. 

Historical. Lesage of Genoa (about 1774) constructed the model 
of a telegraph, consisting of twenty-four wires,connected 
at their two ends with a letter of the alphabet and an 
elder-pith pendulum. ‘The wires were connected to the 
conductors of a frictional electric machine, which 
caused the pendulums at the ends to diverge. This 
experiment looks more like an interesting plaything 
than otherwise, and was of little practical use. No 
more fortunate were others, who tried to employ the 
discharging spark of the Leyden jar to give signs. The 
high potential of this source of electricity requires such 
an elaborate system of insulation for the wires, that for 
practical purposes it cannot be obtained, and therefore ex- 
periments with static electricity were soon abandoned. 

As at first (until 1820) only the chemical action of 
the galvanic current in the decomposition of water was 
known, it will not surprise us that the first electric — 
telegraph was founded eave principle. Sémmering 
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of Munich (1809) constructed the first workable Sémmering’s 
electric telegraph. He connected the two stations by ney 
thirty-five conducting wires, the ends terminating in t¢legraph. 
platinum electrodes placed in a glass trough filled 

with acidulated water. Whenever an electric current 

was passed through any pair of these electric wires, 

little bubbles of oxyhydrogen gas arose at the corre- 
sponding electrodes, thus making prearranged signs 

on a finger-board provided with letters and figures. 

But, as you may suppose, the time taken to manipulate 

this proved longer than that in the case of the optical 
telegraph, and in fact the device was never practically 
employed. 

Scarcely had Oersted (1820) made known his 
discovery of the deviation of the magnetic needle by 
“the electric current, then Ampere proposed to replace 
the platinum electrodes of Sémmering’s apparatus by 
magnetic needles, though he himself did not perform 
any practical experiments in the matter. The number 
of conducting wires would also have increased very 
considerably the cost of carrying them out. 

The first working electro-magnetic telegraph First electro- 

apparatus was constructed by Baron Paul Schilling ™Si°" 
von Cannstadt in St Petersburg (1832 or 1838), a telegraph. 
friend of S6mmering, by whose apparatus his inven- 
tive genius had been excited (Appendix, 37, p. 410). 
Almost simultaneously, and quite independently, 
Gauss and Weber (18383), established in Gottingen an 
electro-magnetic telegraph between the Observatory 
and the Physical Laboratory. This, then, was the 
first telegraph used for practical purposes. Moreover, 
they did not use the galvanic current, but the electro- 
magnetic induction current eee next chapter). 
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Fig. 1387 gives a general view of Schilling’s first 
telegraph, which is still preserved in the museum of 
the head telegraph office in St Petersburg. Six 
magnetic needles hanging by silk threads were fitted 
with multiplying coils. These, together with a call 
apparatus (B), were connected by eight wires, one of 
which was for the return current. A keyboard (C) 
served to close the circuit. The movement of the 
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Fic. 187,—First electro-magnetic needle telegraph, constructed by Schilling, 
1832-33. B, the call apparatus. From O. Chwolson’s Popul. Vorles, 
tiber Elektr. (Russ.), p. 200. 


needles was marked by little cardboard discs (p) 
fastened to the hooks on which the needles hung. 
When at rest these thin cardboard discs turned their 
sharp ends to the onlooker, but when deflected their 
flat sides, of which one was white and the other black. 
Following this (1835 or 1836) Schilling constructed 
a telegraph with only one needle. According as it 
was deflected east or west, signs were arranged 


corresponding to the letters of the alphabet ; but the 
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inventor was not able to carry this idea to a practical 
result, as he soon after died (1837). 

In 1838, Steinheil of Munich discovered that the 
second wire of the telegraph circuit could be done 
away with if the earth was used as return conductor,’ 
by soldering strong copper plates to the ends of the. 
wires and sinking them in moist earth or water. 
This discovery gave great impetus to the development 
of practical telegraphy. 

In 1840, Wheatstone by means of his dial telegraph 
endeavoured to avoid the inconvenience of specially 
combined signs. An indicator moved by an electro- 
magnet marked by its position the figures and letters 
set round the edge of the dial. This apparatus 
worked slowly and was untrustworthy 

The electro-magnetic telegraphs soon became uni- Hi) 
versal, but in a short. time they were replaced, with Mabon 
the exception of the submarine cables, by the record- 
ing telegraph, invented (in 1835) by the American 
Morse, and altered to its present form by Robinson, 

We have a model here of Morse’s telegraph (fig. 138), 

1 This is not to be understood in the sense that the current 
really flows from one station to the other, but that the earth acts 
as a boundless reservoir for the electricity generated by us, whither 
all surplus electricity flows, or whence every scarcity may be 
supplied, without any appreciable alteration of its electric potential. 
To make this clear, imagine a pumping station on the sea-shore, 
which forces the water into water-pipes, out of which it is again 
poured into the sea in another place. It is not necessary to 
believe that the very same particles of water, which flow again 
into the sea, make their way back to the pumping station and so 
cause a return current in the sea. This will be clear to you if 
you imagine the pumping station transferred to the Isthmus of 
Panama, pumping the water of the ocean into a conduit, through 
which it is carried into the Gulf of Mexico. Here there can be 
no question of any return current. 
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all the subsidiary parts being omitted. If a current 
is set up in the electro-magnet (M) by pressing the 
key (S), it attracts the iron armature (a), which is 
fastened to a lever. In doing this it presses up the 
little wheel (vr) at the other end (till then resting in 
a suitable colouring matter) against the paper strip 
(p), which moyes, generally by a clockwork arrange- 
ment, over the rollers. The distance apart of the 
rollers (w w) is here made large for greater clearness. 
If the current is switched on for just a moment the 


ink-writer makes only a very small point on the 
paper, while, when the current is closed for a longer 
period, a dash is made. The Morse alphabet consists 
of “dot” and “dash,” as also all signs for figures, 
punctuation marks, ete. Those letters which occur 
most frequently are denoted by the shortest strokes, 
for example, e by a dot, 7 by two, ¢ by a dash, ete. 

In the illustration (fig 189) you have the diagram 
of a telegraphic system. At A is the transmitting 
station, whence the message will be telegraphed to B. 
By pressing down the contact key (S,), the local 


battery (B,) is closed and the current circulates round 
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the receiving station, whose battery (B,) is put out of 
action on account of the position of 8,, The galvano- 
scopes (G, G,) show the presence of the current. 
Although the Morse telegraph surpasses the needle 
instrument both in quickness and in reliability, yet 
it did not altogether supersede it, for the force 
required to put a lever in action is much greater 
than that required to deflect the magnet needle of 


Fic, 139.—Diagram of telegraph system. A, transmitting station ; B, re- 
ceiving station. Switch at A sets current going ; at B stops current ; B, 
batteries (in A in; in B, out of circuit); G, galvanometers to show 
direction of current ; P, P., copper earth plates. 

a multiplier. Hence in those cases where only weak 

currents are available, or where the current may be 

enfeebled by too great a resistance of the conductor, 
the needle telegraph is preferable, as, for example, for 
submarine cables. As both the phenomena and the 
apparatus employed are in this case very complicated, 
we cannot go further into the matter without over- 
stepping the limits of this book. 

The newest departure in this branch of electricity, 


wireless or spark telegraphy, will be treated of later, 
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We will, now that we have gone rather fully into 
the matter of the employment of the electric current 
in telegraphy, again turn our attention to the effects 
of the current, and particularly to those phenomena 
other than heating the conductor and the so-called 
decomposition of water, which may make themselves 


evident. 
Generation I connect the positive pole of a large bichromate 
Peete cell (E, fig. 140) by a wire d, with one of the platinum 
currents, electrodes of the oxyhydro- 


gen voltameter (cf. fig. 134), 
and, at the same time, by 
“a branched wire (d’,) with 
===) the galvanometer. Another 

wire (d,) leads from this to 
the binding screw of the 
mercury cup. A steel wire 
is bent into the form of a 
hook and fastened over the 
wooden block containing the 
cup in such a manner that 
_. the least pressure will cause 
= it to dip in. The second 
3 * wire (d;), coming from the 
Fie, 140,.—Galvanic polarisation, 7, other pole of the cell, is 

natural size. A, cell(E) and volta- 

meter connected; B, voltameter brought up and arranged 

and galvanometer (G) connected. .- : 

The open circuits are shown with 11 the same way, while 

ages lines the connecting wire of the 
second platinum electrode of the voltameter (d,) is 
permanently immersed. 

I now place my first finger on the hook of the wire 
d; (A, fig. 140), and press it below the surface. Con- 


tact is made, and the current flows through d,, the 
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voltameter (from R to L), d, and d;, while the 
galvanometer is out of circuit. The interrupted 
circuit is shown by dotted lines in fig. 140 (A). If 
I let the wire hook d,; spring up, and then im- 
mediately press down d,, then the cell is put out 
of circuit, and a closed circuit established between 
the voltameter and the galvanometer (B, fig. 140). 
Observe : 

The galvanometer deflects without being joined to 
the cell. A glance at the magnetic needle shows you 
that the north-seeking pole pointed west; therefore 
the current flows over the needle to the north, and 
im the voltameter accordingly from right to left, i.e. 
wm the reverse direction to that which rt took when 
connected with the cell. 

We note the same phenomenon if we take a glass 
vessel, containing a solution of nitric acid, into which 
the platinum electrodes dip. In this case silver is 
deposited on one of the plates; therefore in the fluid 
there are no longer two similar platinum plates, but 
one clean plate and one silvered. The rise of a 
current is here intelligible. In the case of the oxy- 
hydrogen voltameter also, the platinum plates coming 
into contact with the various gases formed (in one 
case hydrogen, in the other oxygen) undergo a 
change of state, although it is not outwardly per- 
ceptible, so that they act, in their electromotive 
action, like two different metals. This condition 
is called polarization, and the current appearing 
when the ‘polarized electrodes” are joined, is the 
“polarization current.” 

As we saw, the polarization current is opposed to 


the original current, and, therefore, it must weaken 
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it. According to Ohm’s law, we obtained for fixed 
conductors the rule: 


electromotive force of the cell 
total resistance of circuit — 


Current intensity = 


But if polarizable conductors are put in circuit in a 
fluid, then the rule runs: 


C ; .____H.M.F. of the cell—E.M.F. of polarization 
urrent intensity = Total resistance of circuit ; 


By galvanic polarization we must therefore under- 
stand such a change of the surface of conductors 
which dip into a suitable fluid that a current 
opposite to the original current—the polarization or 
secondary current—is generated, thus weakening the 
primary current. As experiment shows, the electro- 
motive force of the polarization current depends on 
the chemical nature of the immersed plates and 
the fluid used with them, also in part on the electro- 
motive force of the primary current. When the 
electromotive force of the primary current gradually 
increases, that of the polarization current is at 
first equal to the former, until a certain value is 
reached, and thenceforward the electromotive force 
of the polarization current remains constant. For 
platinum electrodes in distilled water, the maximum 
is nearly 2°08 Daniells (2°17 volts), but in acidulated 
water much lower, or about 1°6 Daniell (1°8 volt). 
If the electromotive force of the primary current 
is further increased, then visible decomposition of 
water takes place." Copper plates in a solution 


1 As the electromotive force of a Daniell’s cell is about 1°07 volt, 
by its use we could not attain to the decomposition of water. 
Neither would the series arrangement in the battery help matters, 
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of sulphate of copper show only weak polarization, 
and amalgamated zinc plates in sulphate of zinc solu- 
tion none at all. Hence we use these as current 
dampers. 

The “secondary cells,” as the polarization apparatus Secondary 
used for generating the current are called, have, of oot 
course, a maximum electromotive force which cannot 
be overstepped. In recent times they have been 
put to practical use. Acting on a hint from Sinsteden 
(1854), Planté (in 1859) constructed secondary 
batteries of lead plates, which were insulated from 
each other, and placed in diluted sulphuric acid. Ha 
battery such as this is charged, 2.e. connected with a 
source of current, when the positive current enters it, 
a chemical combination of lead and oxygen (peroxide 
of lead) will be formed upon the plate, while the 
other plate is covered with hydrogen bubbles; or 
if it is oxidized a spongy film of metallic lead 1s 
deposited, while the oxide is reduced. 

If the primary current is interrupted and a con- 
ductive connection made between the lead plates, 
then there flows through the conductor a current of 
nearly constant electromotive force (about 2 volts), 
at the beginning of a higher, although a constantly 
decreasing current intensity. The direction of the 
secondary current is naturally the opposite of that 
of the primary one which charges it, ae. the plate 
covered with peroxide of lead forms the positive 
pole. 


Faure, in 1881, improved these secondary cells by Accumu- 
lators. 
since, by that means, although the current intensity (7.¢. the 
quantity of electricity) would be increased, the electromotive 
force would remain the same. 
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using, instead of the heavy lead plates, gratings of 
lead, the surface of which he covered with a film of 
minium (a combination of lead and oxygen). At the 
positive pole this is changed directly into peroxide 
of lead, and at the other pole it is reduced to a very 
spongy metallic lead, by which the charging is facili- 
tated and quickened. The quantity of peroxide of lead 
formed is a measure of the electric energy stored up. 
As this can never be greater than that used for charg- 
ing, it need not be accentuated. Really a loss of 
30 to 40 per cent. of electric energy takes place, 
which, in the future, will be much diminished, but 
which is not entirely stopped by better construction 
of these pieces of apparatus, which are called accwmu- 
lators. One disadvantage of accumulators lies in the 
fact that, when not in action, a loss of the stored up 
energy takes place. 

If the accumulator current is of shorter duration 
than the charging current in the galvanic cells used 
in charging, yet the current intensity, in the begin- 
ning at least, is greater. If the accumulators are 
charged in parallel, then a weaker current of greater 
electromotive force may be obtained by putting 
them in series and may be used as desired, as, for in- 
stance, for electric lighting purposes. Accumulators, 
therefore, form a kind of portable magazine of electric 


energy. 


Hitherto we have employed galvanic cells almost 
exclusively for the generation of the electric current. 
Now let us look around for other sources for the 
supply of electricity. 

As we saw, the cause of the electric current is the 


THERMO-ELECTRIC CURRENT 


production of a difference of electric level at any 
point of a closed conductor or circuit. If this 
difference of level, as is the case when chemical 
action takes place in the galvanic cell, is maintained, 
then the electric current is continuous. 

You see here (A, fig. 141) a bow-shaped piece of Thermo- 
sheet copper (Cu), soldered strongly to a flat plate of Sen 
bismuth (Bi), and inside the space enclosed by the 


metals there is fixed on a steel point a magnetic 


asroraws 


Fic. 141.—A, Seebeck’s thermo-electric cell, 4 natural size; B, thermo- 
electric current in knotted and heated wire, py natural size ; C, Indrikson’s 
thermopile, 32 (here only 8) pairs of copper and iron wires, -y natural size. 


needle. I place the plate in the magnetic meridian, 
and heat the northernmost point of junction with the 
fame of a spirit-lamp. Immediately you see that the 
north-seeking end of the magnetic needle deflects to 
the east. Accordingly an electric current has been 
generated, which flows over the needle to the south, 
and, therefore, towards the heated junction, or from 
the bismuth to the copper. The opposite action 
takes place if I cool the pone of junction by placing 
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upon it a piece of ice. These electric currents 
generated by heat were discovered by Seebeck in 
1823, and called thermo-electric currents. The 
small apparatus (A, fig. 66) is known as the thermo- 
electric cell, or, shortly, the ‘“ thermo-cell.” 

Experiments performed with the different metals 
have shown that they can be arranged in such order 
that when the point of junction is heated, the current 
always flows from the metal standing lowest in the 
series to the next above it. By analogy with the 
electromotive series (p. 16) this succession of metals 
is called the thermo-electric series. 


THERMO-ELECTRIC SERIES 


=—> 
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Here, too, it may be stated that the further any two 
members of the series are apart, the greater difference 
of electric level do they show. Of the above metals a 
cell of antimony and bismuth gives the greatest effect. 
The signs + and — denote the kind of electricity 
at the free poles. In the connecting wire of an 
antimony and bismuth rod, for example, the current 
flows from antimony to bismuth, therefore at the 
point of junction, when heated, from bismuth to 
antimony. 

Thermo-electric currents may also be generated in 
one metal only, if a piece of wire of the metal is 
bent or knotted and the bend or knot strongly 


heated. To show this a very sensitive galvanometer 
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is required, the winding of which must have a very 
small resistance. I therefore use our model solenoid | 
galvanoscope (fig. 111, C, p. 289), and replace its 
solenoid proper by another of only twenty-five wind- 
ings of strong copper wire (about $ ohm). 

I take another bare copper wire of 0°6 mm. 
diameter, and about 50 cm. in length (B, fig. 141, 
p. 327), and make in the middle of it a slip-knot, 
which I pull quite tight or hammer. I connect the 
ends of the wire with the terminals of the solenoid 
galvanoscope (in the figure, for the sake of simplicity, 
the tangent galvanometer is given). As soon as I 
apply heat near the knot, the galvanometer shows a 
sudden deflection. 

Much more evident is the effect in the case of a 
thermo-pile. We have here (C, fig. 141) one I have 
myself arranged. It consists of thirty-two pairs of 
copper and iron wires carried through a small board 
with the ends soldered together. In the figure only 
eight pairs are arranged and drawn wide apart from 
each other, so that they may be seen better. The 
distance apart of the holes arranged in zig-zag in the 
little boards is 6-8 mm., the length of the wires 50 
to 60 mm., and their diameter about 0°6 mm. As all 
the like points of junction are directed to one side, the 
approach of the hand at a distance of about 2-1 cm. 
is sufficient to attain on the galvanoscope a deflection 
of 4-1 divisions of scale. The approach of the flame 
of a spirit lamp to the (blackened) junctions causes 
a deflection of 3-5 divisions of the scale. 

With the assistance of a suitable thermo-pile of 
antimony and bismuth, and a galvanometer adapted 
to the purpose, very slight differences of temperature 
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may be shown, so that such an instrument may be 
used as a highly sensitive differential thermometer. 
Also stronger, hard-soldered thermo-piles, which can 
bear a longer heating in a flame, are used to 
generate constant currents, which can be employed 
instead of galvanic currents, and are specially suit- 
able for the charging of accumulators. But a more 
accurate description of these would lead us too far 
afield. 

And so we will conclude for the present. The next 
chapter will close our course, and in it you will 
become acquainted with the most powerful of all 
sources of electrical supply, viz: magneto-electric 
induction. 
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Faraday’s fundamental experiment. Generation of electro-magnetic 
induction currents by movement of conductor in magnetic field, 
by movement of magnet when conductor is at rest, and by change 
in intensity of magnetism of electro-magnet when both conductor 
and magnet are at rest. Direction of induction currents (rules 
of Lenz and Faraday). Inductive action of an oscillating magnet 
ona copper plate. Self-induction of a coil of wire. Extra current. 
Induction coil. Action of the alternating current on Geissler’s 
and Puluj’s tubes. Rontgen’s tubes. Siemens’ dynamo-electric 
principle. Influence of the presence of soft iron in magnetic field 
on lines of force. Pacinotti’s and Gramme’s ring. Von Hefner- 
Alterneck’s drum inductor. Different windings of dynamos. 
Application of the dynamo-electric currents. Electric transforma- 
tion of energy. The telephone. The microphone. CoNcLUSION. 
Change of hypotheses. Faraday’s views as to electric action at a dis- 
tance. Hertzian waves and wireless telegraphy. Progress in know- 
ledge of the domain of ether waves. Scale of known ether waves. 


During our later excursions in the region of electricity 
we have gained a knowledge of the most important 
phenomena and applications of the galvanic current. 
A glance backwards will show you that we have often 
wandered away from the straight path, but do not, 
on that account, be aggrieved with your guide. If he 
has led you by by-roads, it was with the intention of 
giving you new points of view, or because the parti- 
cular one taken was more passable ; if, again, you have 
paid a second visit to a point, it was approached from 


another side, so that you might become perfectly 
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acquainted with the bearings of the place. On our 
last Journey we learnt that— 

(1) The dynamic effects of the galvanic current are 
manifested in thermal or chemical action. The first 
kind are seen in the heating and consequent in- 
candescence of a portion of the conductor, when both 
the resistance and current intensity are sufficiently 
great. In certain conductors of a liquid nature, the 
current causes a decomposition of the chemical com- 
pounds, and sets free certain elements (electrolysis). 
By particular processes the metallic parts remaining may 
be used as a cast (electro-metallurgy), or as a protective 
covering (galvanoplasty, electro-gilding, plating, etc.). 

(2) The quantity of metal, copper or silver, deposited 
by a galvanic current, or the amount of oxyhydrogen 
gas given off is proportional to the current intensity. 
The metal follows the current. Thus, by experiment, 
a means was found of determining the electro-chemical 
equivalent of the unit of current. 

(3) In certain liquid conductors a counter current 
(polarization or secondary current) was occasioned by 
the electric current, which continued flowing after the 
primary current was broken. The strength of the 
secondary current increases, while that of the primary 
one is increased until it reaches a constant maximum, 
which, in the case of lead plates in diluted sulphuric 
acid or accumulators, corresponds to a _ difference 
between the poles of 2 volts. These accumulators 
may be used as portable stores of current. 

(4) The different metals exhibit, when their points 
of junction are heated, a difference of electric polarity 
at their free ends, and produce, when conductively 


connected, an electric current or thermo-current. 
332 


FARADAY’S EXPERIMENT 


With the help of suitable apparatus very small differ 
ences of temperature, otherwise impossible to detect, 
may be observed. 


Let us now again turn our attention to magnets. 
We have observed the reciprocal effect of magnets on 
movable conductors, and have learnt that galvanic 
currents can call forth from electro-magnets an extra- 
ordinary portative force. Ought we not also to be able, 
with the help of magnets, to generate electric currents ? 
This question was 
often on the tip of 
my tongue, but 
first of all I wanted 
to show you all the 
qualities of the gal- 
vanie current, be- 


fore entering into 


; : Fic. 142.—Faraday’s fundamental experiment in 
this new territory, magneto-electric induction, #5 natural size. 


the peculiar beauty 
of which might have interfered with your full enjoy- 
ment of other electro-dynamic phenomena. 

Over the entrance gate of this territory there hangs, 
written in letters of gold, the undying name of the 
greatest physicist of all times, Mechael Faraday, the 
glorious pioneer of electrical knowledge. 


We take a horse-shoe steel magnet (M, fig. 142), 
consisting of several plates fastened together. Its 
keeper is also horse-shoe-shaped, each leg being wound 
round with covered wire, in opposite directions, with 
about fifty windings on each leg. 

The wires, ending in brass handles (A; he), are 
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soldered to this wire, for use when you wish to act 
yourself as current-finder. 

I grasp the middle of the keeper, and apply it to 
the poles of the magnet, which I hold fast with the 
left hand. ‘Take hold of the handles. I tear the 
keeper suddenly away. You recoil as if struck by an 
electric shock, and this is really the case. I carry the 
conducting wires to two glass stands (8), approach their 
looped ends very near to each other—about $ mm. 
Darken the room for a few minutes. As soon as I 
pull away the keeper again, a spark flashes across— 
a proof that a current, and, though only momentary, 
one of considerable electromotive force, has been 
generated. This is what is called current at break. 
In this fundamental experiment of Faraday in 1831 
is contained, as in a seed, the principles of the entire 
range of modern dynamo-electrical machines. 

Our task is now to discover the origin or cause of 
this magneto-electrical current. 

As we already know, electro-magnets are much 
stronger than steel magnets. I, therefore, wind round 
an iron rod thirty turns of thick insulated wire 
(fig. 148), fasten it to a thin stick of fir-wood (8), 
then run the wire along it, after which I connect 
it to a large Bunsen’s cell. A current-closer, con- 
tact key, or switch is put in, so that the circuit 
may be temporarily closed while our observations 
are being made. The cell is thus prevented from 
running down. Let us hold over the electro-magnet 
a piece of white cardboard, upon which I strew iron 
filings. I tap it with my finger, and you see 
that the filings immediately arrange themselves in 


symmetrical curves, or magnetic lines of force, a 
334 


THE MAGNETIC FIELD 


few of which are indicated in fig. 143. IfI hold the 
cardboard still and turn the magnet on its axis, you 
will see the lines of force rearrange themselves, and, 
on account of the symmetrical shape of the magnet, 
in a very similar manner but occupying another 
plane in regard to position. We learn from this 
that the entire space coming under the influence of 
the electro-magnet is traversed by electric lines of 
force. This entire sphere of action of a magnet rs 
called the magnetic field. 


Fic. 143. —Generation of magneto-electric currents by. pushing the con- 
ductor (R) into the magnetic field, #5 natural size. The wire coil (R) 
has 100 turns of covered copper wire and an internal diameter of 30 mm. ; 
the electro-magnet has 30 turns, 


Now I break the current of the electro-magnet 
(fig. 148), push the wooden stick through a coil of wire 
fixed to a stand (R, fig. 143), the internal diameter 
of which ring is 30 mm., and consists of about 
100 turns of insulated copper wire. Then by means 
of silk threads at either end, I suspend the rod from 
the ceiling, adjusting it so that it may just come 
within the centre of the coil. I then connect the 
latter by long flexible wires with a solenoid galvano- 
meter (M) standing at one side, whereby all resistance 


is cut out of circuit, and switch on the current (see 
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fig. 181). We convince ourselves by a compass 
needle that the pole of the magnet to the right is 
the north-seeking one, and this I mark by sticking 
on it a piece of red paper. yi. 

Let us now begin our experiments. The coil of 
wire is just off the end of the south-seeking pole 
(fig. 143). I put my finger on the wooden stick 
and push the south pole towards the wire ring. You 
see the needle deflects immediately, but it comes to 
rest again if I keep the magnet still. Now I let 
go the stick—it swings back and the galvanometer 
needle deflects, but the opposite way. While the 
magnet swings slowly backwards and forwards, dur- 
ing which time the south pole now approaches, now 
withdraws from the ring, the needle swings in unison, 
right and left, thus proving that a current at break, 
the direction of which continually changes, is sent 
through the galvanometer. 

Now I-stop the magnet and approach the wire ring 
and stand to the south pole. A like deflection 
follows as when the magnet (ze. its south pole) was 
brought near. If I push it back, a deflection is seen, 
but in the opposite direction. 

If you will observe the direction of the lines of 
force (fig. 143), numbered successively (1, 2, . . . 6), 
you will notice that, as the ring approaches the 
magnet, these lines are cut in the order 1,2,3... , 
but as it is drawn back, it cuts them in the reverse 
order (6, 5, 4, 3, 2,1). For the present, then, we 
may conclude: if the lines of force of a conductor 
are cut (whether by moving the conductor or the 
magnet with the lines of force is immaterial), an 


electric current is generated in the conductor, and 
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its direction changes as the movement is reversed. 

This temporary current, generated only by the move- Magnetic 
ment of a conductor in the magnetic field, is called Saran 
the magnetic induction current. : 

Now I put a second cell in circuit, in parallel 
with the first (not shown in A, fig. 143), and leave 
one wire loose. I push forward the wire ring until 
it is in the same plane as the pole of the magnet, 
and let it remain there. Then the needle returns 
to 0; but if I put in the current of the second cell 
by inserting the wire in the binding screw, the needle 
deflects, but flies back at once to zero, only to 
deflect to the other side if I interrupt the current. 
What has happened ? 

In any case the intensity of the magnetic field has 
been increased by the addition of the second cell. 
Whence came these lines of force? The soft un- 
magnetic iron exhibits none. They cannot have 
come from without; hence Faraday concluded that 
they emerge laterally from the iron rod, when it is 
magnetized, and are driven back when the magnetism 
vanishes at the opening of the current. A wire ring 
surrounding the electro-magnet must therefore be cut 
m reverse order by the lines of force as they emerge 
and retire; hence the induced currents have opposite 
directions at the making and breaking of the current 
surrounding the electro-magnet, and this our ex- 
periment shows. 

Let us make another experiment to check this. 
If we place the wire ring, first (R, fig. 143), in the 
plane of the magnetic pole, and next so that it 
exactly encircles the electro-magnet, then, in the first 


case—when the circuit is closed—only a part of the 
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lines of force meets the wire ring, whereas, in the 
second case, all the lines of force cut it; hence in the 
latter the induction current must be stronger. Let us 
test this by using one cell. If the ring is in the plane 
of the magnetic pole, the deflection is 25 degrees 
of scale; but if it is in the middle, 5% degrees; 
hence, on our former assumption, much greater. 

We can, therefore, repeat our observations in a 
more comprehensive manner. 

While a conductor is cutting through the lines of 
force, an electromotive force is induced wm the con- 
ductor, but only during such tume as tts movement 
lasts. The direction of the magnetic iduction 
current depends on the order in which the lines 
of force are cut. 

In this we can distinguish three cases : 

(1) The magnetic field is moved, while the con- 
ductor remains stationary. 

(2) The conductor moves in a stationary magnetic 
field. 

(3) The intensity of the magnetic field is changed, 
while both conductor and magnet are stationary. 

All three cases, as we shall see, are employed in 
the construction of magnetic induction apparatus. 


Let us again test the process in our bar electro- 
magnet, and pay special attention to the direction 
of the induction current. The south-seeking pole 
lies to your left. In fig. 144, for the sake of 
clearness and simplicity, the electro-magnet is shown 
without its enveloping and conducting wires, and 
only one turn is shown round the ring. 


I push the south pole of the magnet nearer to the 
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ring (I, fig. 144), or through it (II), then the deflec- 
tion to the right proves that the current flows from 
the terminal &, (cf fig. 131), into the wire ring, and 
hence it has the direction shown by the arrow. 

While the middle of the magnet is passing through 
the ring, the needle returns to 0, and when it is pushed 


Fic, 144,—Proof of Lenz’s law of magnetic induction. In I and IV, 
the left half, marked by the arrow, is turned to the front. 


still further (III and IV) it deflects to the other side, 
while the ring cuts the lines of force in inverse order. 

If I allow the magnet to swing back from left 
to right (V and VI), the induction current changes 
its direction. 

If you compare (fig. 144, I-VI) the direction of 
the induction current in the ring marked by a short 
arrow with that (p. 232) of the hypothetical molecular 


stream of Weber and Ampére, which in this case is 
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in alignment with the inducing galvanic current in 
the enveloping wire, you easily remark : 

If the circular conductor approaches a magnetic 
pole (I), or if the lines of force are successively cut, 
from outside to inside,’ by the conductor (I, II, V), 
then the induction current is opposite to the direc- 
tion of the magnetic molecular current and to the in- 
ducing galvanic current. If, on the other hand, the 
conductor is withdrawn from the poles, or if it cuts 
the lines of force from inside to outside, then the 
induction current is in alignment with the molecular 
currents and with the inducing galvanic current. 

If we use, instead of the electro-magnet, a steel 
bar magnet, then the effect is much weaker, but the 
direction of the current the same. If I replace the 
single magnet by two steel magnets (VII, fig. 144) 
with their like poles (e.g. their north poles) touching, 
then the neutral points are at 2, and %. If I push 
the ring along the double magnet, then the induc- 
tion current =0, and the direction changes when the 
neutral point is passed. 

[ put the electro-magnet in again. If I pull the 
iron rod out of the wire coil and push in a glass tube 
(in order that the coils may not collapse), we get a 
solenoid, in which the inducing galvanic current flows 
as before. The north-seeking pole remains to your 
left (fig. 143). If I repeat the experiment, the 

1 Here, in a bar magnet (steel or electro), the lines of force 
curve from one pole to the other, and the magnet is, in a certain 
measure, wrapped up in them. Let us imagine a section cut 
through the middle of the magnet (perpendicular to the axis), 
then those lines furthest from the axis are the outer ones. At first 
glance at the poles they of course look as if they were emerging 


from the middle. 
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deflection is much less than with the iron core, and 
I must connect three Bunsen cells to obtain any 
appreciable effect ; but we see that the direction of 
the induction current is the same as before. Hence we 
can formulate what we have gleaned from our observa- 
tions more concisely, if we remember that currents 
in the same alignment attract, in the opposite repel. 

At every movement of a current conductor or of a Lenz’s law of 
magnet in the neighbourhood of a wire coil (or vice pare 
versa), an wmduction current arises. The dvrection 
of the induction current is such that it would give 
to the inducing current or to the magnet a move- 
ment towards the opposite direction (Lenz). If, for 
example, a north pole is brought near to the wire ring, 
then the induction current is opposite to the molecular 
currents and so tries to repel the magnet. If the north 
pole is withdrawn, then the induction current is in 
alignment with the molecular currents and endeavours 
to attract the magnetic pole. It follows from Lenz's 
rule, that in the movement of the conductor in the 
magnetic field resistance must be overcome. ‘The 
work performed in doing this is the cause of 
electric energy.’ 

1 This was the explanation accepted by most physicists at the 
time of writing ; but it is doubtful whether it is now satisfactory. 
Dr Gustave Le Bon (The Evolution of Forces, 1908, Chap. II.) has 
pointed out that the apparently unlimited production of electrical 
energy in the induced body bears no relation to the strictly 
limited quantity of the charge on the inductor, and must therefore 
have some other source. The same reasoning applies to magnetic 
as to electric induction. His explanation is that electricity is the 
result of the dissociation of matter and that the disintegration of 
the atom sets free an enormous amount of intra-atomic energy. 


This view is now beginning to meet with acceptance. (C/. 
P. D. Innes, Proc. Roy. Soc., vol. Ixxix., No. A, 532 p, 443.) 
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So far we have considered only the case when the 
magnet is bar-shaped, in which case the lines of force 
are distributed symmetrically on both sides in the field, 
or, in other words, the lines of force surround the 
magnet uniformly. Moreover, we used as the conductor 
in which the inductive action took place, a wire coil, 
and a movement parallel to the axis of the magnet 
followed, the extension of which went almost through 
the middle of the ring. 

Here you see a strong horse-shoe 
magnet, composed of several steel 
plates or lamina (fig. 145). 

As the conductor in which the in- 
duction acts we have a piece of brass 
rod (m, fig. 145), fastened to a long, 
insulating handle (2) and sliding upon 
the guide rods (s, s,). These guide 
rods are fixed in a simple wooden 
frame (g) which permits of their simul- 

= taneous adjustment. From the rods 
Fic. 145.—Demon- two wires lead to the solenoid gal- 


stration of the 


Denar aetint vanometer (Appendix, 38, p. 410). 

and Szymanski), | If I now hold the sliding rods (as 

ds shownwin fic. 145) in the magnetic 
field, and move the conductor (m) down the rods 
quickly, so as to make good contact, we perceive a 
deflection on the galvanometer, which becomes greater 
in proportion to the number of lines of force cut, and 
is altogether absent if the movable conductor is pushed 
along the lines of force and hence does not cut through 
them. 

If I bring a small magnet into the magnetic field, 
it arranges itself in alignment with the lines of force. 


HAND RULE FOR DIRECTION 


If now we call the direction to which the north- 
seeking pole of the needle points, while it is being 
led along the lines of force, the direction of the lines 
of force, we may state: with the exception of a single Direction of 
line, which, for example, emerges when the bar Paden 
magnet moves in the direction of the magnetic axis, 
all the lines of force form closed curves, which stretch 
from north pole to south pole im the avr-space, and, 
as we may imagine, return from south pole to north 
pole inside the magnet. If a magnet is moved, the 
entire system of lines of force is moved—that is, the 
entire magnetic field moves with the magnet. In this 
case, therefore, an induction current must be formed 
in a fixed conductor placed in a magnetic field which 
cuts through the lines of force. In the case of the 
rectilinear movement of the magnet, we have already 
seen this (p. 340). | 

For memorizing the direction of the induction Faraday’s 
current in the conductor acted upon inductively, a‘ 
memoria technica has been invented: Let a man 
imagine himself swimming in the direction of the 
lines of force, with his face turned towards the move- 
ment of the conductor, then the induction current 
flows towards his right (Faraday). By analogy with 
Ampere’s modified swimming rule for the deviation 
of the magnetic needle (p. 230), there is another 
version of the rule for the induction current 
(A. Fleming). Hold the forefinger, middle finger, and Hand rule. 
thumb of the right hand almost perpendicular to each 
other, and point the first finger in the direction of the 
lines of force (so that the tip of the finger shows where 
the north pole of magnet needle would point), and the 


thumb in the direction of the intended movement of 
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the conductor, then the MIDDLE finger indicates the 
direction of the induction current in the conductor.' 

Let us hold over the horse-shoe magnet (first up- 
right and then on its side) a piece of cardboard and 
iron filings; then you will see that the lines of force 
are most dense between the two poles, and least so at 
the outer sides of the legs. 

Let us experiment with the movable couductor 
(fig. 145, p. 342) at several points of the magnetic field. 
We find that the induction current grows stronger 
at those places between the legs of the magnet where 
the lines of force are most dense—that is, where more 
lines of force are bisected by the conductor. 

In the experiment on p. 337 we saw that an 
increase of the strength of the poles of the electro- 
magnet, and hence an intensifying of the magnetic 
field, also strengthened the induction. 

Let us now put together what we have learnt :— 

(1) An wnduction current always arises if a con- 
ductor or a part of one cuts strarght across a magnetic 
field, and this whether the conductor moves in a 
stationary magnetic field or remains stationary while 
the magnetic field moves, or the intensity of the 
magnetic field is changed by a change of the strength 
of the poles of the electro-magnet. 

(2) The electromotive force of the induction 
current generated in the conductor under otherwise 
equal conditions is proportional to: 


1 Better: Let the forefinger of the right hand point in the 
direction of the magnetic lines of force, then turn the thumb 
in the direction of the movement of the conductor: the middle 
finger, bent at right angles to both thumb and forefinger, will 
show the direction of the induced electromotive force.—Ed. 
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(1) The intensity of the magnetic field and there- 
fore to the strength of the poles, 

(b) The length of the conductor in which the in- 

— duction acts, since the longer it is the more 

lines of force are cut, 

(c) The velocity of movement of the conductor or 
of the magnetic field, because then also more 
lines of force are simultaneously bisected. 


Having now learned the principles of magneto- 
electric induction, we can proceed to make ourselves 
acquainted with the practical applications thereof. 

I. A magnetic needle hanging by a thread oscillates 
for some time after I have given it a slight push. I 
hold it just over the thick copper plate on the table 
(A, fig. 146), and you see that the needle, after a 
few oscillations, regains its equilibrium. During the 
movement of the needle, and hence of the magnetic 
field, induction currents are evoked, which (according 
to Lenz's law) strive to impart to the magnet an 
opposite direction, and, therefore, damp its oscillations. 

The needle of the very delicate magnetic needle 
galvanometer formerly used was enclosed in a case of 
very thick and pure copper, in order to ‘‘damp” the Damping of 
oscillations of the magnetic needle by the counter- ‘Re vane” 
action of the induction current. If the workmanship by induction 
is good, a needle mounted in this manner takes up its open 
position without oscillation (dead-beat galvanometer). 

IL. Asa single coil of wire through which an electric 
current flows has already a magnetic directing force, 
and, therefore, produces an electric field, every turn 
of a solenoid must be in the magnetic field of the turn 


nearest to it; accordingly, every turn of a solenoid 
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must exercise an inductive effect upon the others, 
during the time in which the current intensity 
changes, e.g. at the making and breaking of the 
current flowing through. 
Thirty turns of insu- 
lated copper wire (B, 
fig. 146), rolled round a 
hollow cylinder, are con- 
nected with a cell (e) and 
a current interrupter (w). 
The latter, consisting of a 
copper-toothed wheel, the 
teeth of which are touched 
by a spring (/), is turned 
by a handle. Also two 
wires (d, d;) leading from 
the terminals are provided 
with two brass handles, 
which I beg you to take 
hold of. Now I turn 
the wheel. Your hands 
tremble, and the trem- 
bling becomes greater the 
4, faster I turn, te the 
yum _- quicker the shocks follow 
each other. Still stronger 
and even painful are the 
Fic. 146.—A, induction in a copper shocks if I push into the 
Patan Baa teil tok Piste hollow of the bobbin (R) 
i anh wee tr a bundle of soft iron wires. 
Now I will turn the toothed wheel slowly—the circuit 
is closed. You feel scarcely anything, and while the 


cell current flows through your body, nothing at all. 
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Now the spring slips from the wheel and the current 
is opened. You shrink! 

Since the lines of force emanating when the 
current is closed cut the turns of wire of the bobbin, 
then, according to Lenz’s law, an induction current is 
formed, of opposite direction to the main current. 
But when the current is interrupted, the lines of force 
(according to Faraday) are withdrawn, and hence the 
induction current is now in alignment with the main 
current, and must strengthen its physiological action. 

We can also observe the induction current in itself, 
if we arrange the wires so that, when the main 
current is broken, the cell will be out of circuit. 
Such an arrangement is shown in CO, fig. 146. If 
you grasp the handle, when the circuit is opened, 
only the induction current passes through your body. 
This current, which is only produced by the self- Extra 
induction of the turns of a conductor on each other, ee 
is called by Faraday ‘‘ extra current.” ? 

On closing the main current, the extra current is 
opposed to it and weakens it; accordingly the main 
current can only gradually attain its full strength. 
When the main current is interrupted, the extra current 
is of short duration, and therefore of greater intensity. 

1 Every wire coil, through which a galvanic current passes, ex- 
hibits magnetic action and self-induction, from which disturbing 
side effects (e.g. in a galvanometer, or with reference to the 
resistance of the wire affected) may arise. In order to neutralize 
almost entirely this inductive action, the insulated wires con- 
necting with the galvanometer are wound round each other (ef. 
fig. 111, C, p. 239), or, as in the case of the rheostat (fig. 126, 
p. 278), they are bent in the middle and then doubled and wound 
round a bobbin, and so the current has, in two conductors quite 


close to each other, an opposite direction. The self-induction is 
thus almost entirely stopped (inductionless winding). 
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III. Still stronger than the extra current is the 
induction current in a second wire coil, which 
surrounds the primary one (II, A, fig. 147), but 
without touching it. This secondary coil consists 


Fic. 147.—A, induction coil, 4; natural size ; B, Riihmkorff’s coil, 
pz natural size ; C, Wagner’s hammer. 
of many turns of fine insulated copper wire (about 
0°15 mm. thick and several hundred metres long). 
At the closing of the main circuit, in every turn of 
the wire of the secondary coil an induction current 
of certain electromotive force is generated. As the 


turns are arranged in series, the total electromotive 
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force of the induction current is very great, and 
much greater than that of the primary coil. On the 
other hand, on account of the great resistance of the 
long fine wire, the current intensity of the secondary 
coil is very small. Inasecondary coil of many turns, 
a transformation of an electric current of proportion- 
ately larger intensity and smaller electromotive force 
into an induction current of less intensity, but very 
great electromotive force, takes place, which in the case 
of large induction apparatus (B, fig. 147) assumes 
the character of the stream of sparks of an influence 
machine, except that it is more abundant. 

The induction coil (II, A, fig. 147) gives painful 
shocks if the handles are grasped while the inducing 
current in the primary coil (I) is quickly closed and 
opened, especially if a bundle of iron wires is placed 
in its interior, by which the intensity of the magnetic 
field is much strengthened. 

Still more forcible is the effect with a Riihmkorff’s Rihmkorff’s 
coil (B, fig. 147). Its primary coil is formed of sixty ime 
turns of strong copper wire, while the secondary 
coil has thousands of turns of very fine wire, some 
kilometres long. Of course this wire is silk-covered 
and also varnished; for otherwise, on account of the 
ereat polar difference, the sparks might burst through 
the insulating medium. In connection with the 
primary coil there is a commutator (w) and an auto- 
matic current interrupter, Wagner's electro-magnetic 
hammer (C, fig. 147). The current from the cell (E) 
flows to the commutator and traverses the primary coil 
(I); thence it runs to a brass spring (/), pressing 
against a screw (s), the points of contact being covered 


with platinum. At the free end of this spring is a 
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small iron plate, and its distance from the bundle of 
soft iron rods in the primary coil is regulated by the 
screw (s). If the circuit is closed, the iron is magne- 
tized and attracts the plate. The spring (/) is drawn 
away from the contact screw (s), so that the circuit 
is broken and the hammer falls back again. The 
continual movement of the hammer is caused as 
follows: when at rest (o in C, fig. 147) the hammer 
touches the screw, the circuit is closed, and it increases 
to its full strength until the extra current is over- 
come, when it pulls away the hammer from the screw. 
The spring now is in position (1). While it remains 
thus the extra current (after interruption) acts for a 
time in the same direction as the primary and strains 
the spring still more. After returning to rest (0), 
when the circuit is again closed, the extra current 
acts contrary to the primary one, so that the oscilla- 
tion of the spring (in position 2) is greater than if 
the primary current were to exert its full strength at 
one and the same time. The spring thus receives a 
small increase of velocity, which maintains the oscil- 
lation, just as in the case of a clock the impulse of 
the toothed wheel supplies the loss caused by the 
friction of the pendulum. This kind of electro- 
magnetic current interrupter is used in the construc- 
tion of electric bells. 

Since the extra current of the primary coil weakens 
the inducing current at the closing of the circuit, and, 
so to say, reverberates when it is broken, so also 
does it weaken or hinder the induction current in the 
secondary coil. In order to lessen the effect of this 
extra current as much as possible in the large induc- 


tion apparatus, a condenser is fitted in the hollow 
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stand. It consists of tinfoil insulated by mica plates, 
varnished or boiled in paraffin. The even and the 
odd leaves respectively are joined together and con- 
nected with the ends of the primary coil. When the 
circuit is broken, the primary coil is therefore closed 
by the condenser, the capacity of which is sutlicient 
to hold the greater part of the extra current, so that, 
by the employment of a condenser, the spark, at 
breaking contact, between contact screw and spring 1s 
much smaller, and the spring must be at. first pushed 
to set it vibrating. 

By using this Wagner’s hammer the current break- 
ing may become so frequent that the hammering stroke 
of the hammer yields a particular high note." The 
shocks which this induction apparatus give are, if not 
dangerous to life, still very unpleasant. If I screw on 
to the terminals of the secondary spiral wires pro- 
vided with sealing-wax handles, and bring the ends 
near, you see, when the apparatus is in action, sparks 
of several centimetres long. Now I connect the wires 
with a glass tube, with platinum wires fused in the ends, 
and filled with a highly rarefied gas (Geissler’s tubes, Geissler’s 
G; fig. 147, B). If we darken the room, a gentle glow Dar 
emanates from the tubes, at the same time changing 
its colour, which depends on the nature of the gas. 
Some parts of the tubes consist of the yellow 
uranium glass, which sends forth a brilliant green 
light. Still more beautiful effects are given by Puluj’s 
tubes, in which the rarefying of the air is carried to 


1 In recent times powerful induction apparatus has been con- 
structed (length of spark 100 cm. and more), which allows of a 
very large number of interruptions (with Wehnelt’s electrolyte 


current breaker, for instance, 1200-1700 breaks per second). 
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a greater extent, and fused gems glow in glorious 
colours. Rubies (even very common specimens) give 
forth magnificent rays of ruby light, diamonds mostly 
green. 

Of particular interest are Roéntgen’s tubes, to be 
seen nowadays everywhere. If these are connected 
in a suitable way with the poles of a powerful induc- 
tion coil, having a spark length of 10-15 cm., from 
one of the platinum plates opposite to the kathode, 
called the “‘anti-kathode,” the X-rays stream forth, 
which, though invisible to the eye, can pierce through 
most bodies, otherwise opaque, and excite fluorescence 
on a screen brushed over with platinocyanide of barium 
(Rontgen, 1895).* If you hold your hand between 
the Rontgen tube and the screen, we see on the back 
of the screen turned to us and coated with platino- 
cyanide of barium a sharply defined shadow of its 
bony skeleton, surrounded by a fainter one of the 
muscles and the skin. If we move the fingers so as 
to cast shadows, we see distinctly the movement of 
the bones in their sockets. As the metals (especi- 
ally lead) throw darker shadows than bones, foreign 
metallic bodies can easily be detected. Therefore the 
Roéntgen rays (as they are called, after their discoverer) 
are now of much importance in surgery, and in the 
future will be much employed in testing materials of 
all kinds. 

Since the Réntgen rays affect photographic plates, 
the figures thrown on the fluorescent screen may be 
fixed as photographs. 

A highly interesting quality of the Rontgen rays is 


1 The fluorescence appearing on the side of the tube is an acces- 
sory phenomenon. 
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that they can discharge an electrified electroscope at 
a distance of 1-8 m., as they make the azr through 
which they pass conductwe. This process is called 
“Tonization” (see Appendix, 41, p. 413). 

When experimenting with the induction apparatus, Trans- 
we sent the inducing current through the coil, which ‘°° 
had only a few turns of copper wire, and obtained in the 
secondary coil induction currents of high potential, but 
of less current intensity. Let us transpose the two 
coils, z.e. let us send through the coil with the many 
turns [the secondary] the primary current. Then 
there arises in the other coil also an induction current 
with an electromotive force considerably smaller, but 
with a current intensity greater in proportion to the 
primary current. We are therefore able to transform 
currents of high potential into currents of less electro- 
motive force but of greater intensity. Apparatus of this 
kind are called transformers. Of course the turns of 
wire must be well insulated. In practical use these 
transformers are of much importance. 


In induction apparatus and_ transformers the 
induction current in the stationary conductors and 
magnets arises from the intensification of the 
magnetic field, as the lines of force appear and 
vanish. But we can also produce them by moving 
the magnetic field, or by moving a conductor in a 
stationary magnetic field. 


IV. Scarcely more than a year after Faraday’s 
discovery of magneto-electric induction, Pixii (1832) 
constructed the first ‘“‘magneto-electric machine.” 


He caused a horse-shoe magnet to revolve before the 
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legs of a horse-shoe armature which were wrapped 
round with copper wire. In more recent apparatus, 
the iron core with wire coils is made to revolve 
before fixed horse-shoe magnets, which is much more 
convenient. 

In the middle of last century, the magneto-electric 
machines of Stéhrer formed the show objects of the 
laboratory ; now they have been entirely superseded by 
their younger sister, the dynamo-electric machine (or, 
shortly, dynamo), and are merely of historical interest. 

The enormous force of electro-magnets gave to 
Wilde of Manchester in 1866 the idea of making use 
of them instead of steel magnets in electro-magnetic 
machines. The well-known electrician Werner 
Siemens (1866) took the decisive step in the construc- 
tion of the dynamo,’ by showing that the magnetism 
remaining (or induced by the earth) in an electro- 
magnet was sufficient to generate in the turns of 
the rotating armature an induction current. This 
being led in a particular way through the turns of 
the electro-magnet raises its magnetism with great 
velocity, so that the induction current is greatly 
strengthened, which again is of advantage to the 
magnet, until the limit of its magnetization is attained 
without the addition of any external current. In 
this way the electro-magnet, after a certain number of 
rotations of the armature, is strong enough to send a 

1 Here the word “dynamo” (dynamis or force) denotes a 
machine in which nearly all the mechanical force (properly 
speaking “ work”) expended in moving the induction coils in a 
magnetic field generates current. But this is also the case with 
magneto-electric machines. The division into magneto-electric 


machines and dynamos is therefore conventional and has no 
practical meaning. 


354 


PRINCIPLES OF DYNAMOS 


powerful branch current through the conducting mains 
(Siemens’ dynamo-electric principle). 

It is of the greatest importance to give to all these 
machines, both to the electro-magnet and armature 
which bears the induction coil, such a form that at 
every revolution as many lines of force as possible 
may be cut at right angles. Hence you see how 
necessary is a thorough knowledge of the path of the 
lines of force for the construction of good dynamos. 

The main object in practice is to concentrate the 
lines of force as densely as possible in that part of 
the magnetic field already utilized, and to cut them 
all at right angles by the rotating conductor. The 
first is attained by using what are called pole-pieces, 
consisting of pieces of soft iron of a particular shape, 
which are fitted to the poles of the electro-magnet, 
or sometimes form an elongation of the pole. 
These have the property of inducing between their 
opposed faces a nearly uniform magnetic field of 
densely packed lines of force (A, fig. 148, p. 356). 

A piece of soft iron, which is introduced into a 
magnetic field (B, fig. 148), has also, as a comparison 
of I and II will prove, the peculiarity of concentrating 
on itself the lines of force, and in a certain way of 
assimilating them. Hence the extraordinary in- 
tensification of the action of an induction coil by the 
introduction of an iron core. 

Of great interest is now the case when a ring of Circular 
soft iron, or a hollow cylinder, the transverse sec- @™#e- 
tion of which is a ring, is placed in the magnetic 
field between the pole-pieces (C, fig. 148), Calcula- 
tion (Stefan, 1882), confirmed by experiment, proves 


that the lines of force (with the exception of the 
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middle one striking it perpendicularly) do not make 
for the hollow space in the middle of the ring, but 
pass along the substance of the ring and appear again 
at the other side. Ifa ring of this kind is spun on 
an axis, which in C, fig. 148, goes through the centre 
of the ring and is at right angles to its plane, the 
induced magnetic poles (n and s) of the ring remain 


Fic. 148.—Diagram showing the course of lines of force. A, with pole-pieces ; 
BI, in a free bar magnet ; BII, in the presence of soft iron in a magnetic 
field; C, in a circle (cylinder) of soft iron between the pole-pieces, 
(From Stephan. ) 

in spite of the rotation in their former places in space, 

but are displaced in the rotating ring. 

If now we wrap loosely round the iron ring a few 
turns of insulated copper wires, the ends of which are 
soldered together (A, fig. 149), then we can turn the 
ring with the wire coil round an axis perpendicular 
to the paper, or push the coil along the ring. 
Imagine the iron ring cut in two at the poles, and the ~ 
action would not be affected, but we should have, as 
in an earlier experiment wuts fig. 144), two (in this 


CIRCULAR ARMATURES 


case semi-circular) magnets, which are adjacent to 
the like poles, and the indifference points of which 
are at 2, and 2, Now we know that when a wire 
coil is run along a magnet with several successive 
points (p. 340), the induction current in the conductor 
is zero and its direction changes as soon as an 
indifference point is passed. 

Let us observe the case referred to. While the wire 
coil is pushed from 2, through s 
to %, an induced current de- 
velops which quickly increases 
at first and after passing the 
pole decreases ; this at 7, (as at 
7,) =0; its direction changes and 
its intensity increases and then 
decreases again until it again 
=0 atz The maximum cur- 
rent intensity is at the poles, 
because the dense lines of force 
entering these are cut at right 
angles by the conductor, while yy, 149,—Diagram of 
at the indifference points the Hae ORES 
conductor is pushed up parallel to the lines of force. 

If we wrap the iron ring round with insulated 
copper wire, so that a closed wire conductor is formed 
(B, fig. 149), and cause it to rotate in a direction 
opposite to that in which it did before, then induction 
currents will be generated in the turns of the direction 
indicated by the little arrow heads. 

A continual current of electricity flows in both 
semi-circles from the point 2, to the opposite point 2. 
If we connect these points 1, and 2, by means of a 


copper wire, the ends of which are drawn out into 
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brushes (+ p and — p), which press on the exposed 
parts of the winding wire, then an electric current of 
uniform direction is developed from 2 to % (B, fig. 
149), and therefore from + p to — p, and lasts as long 
as the armed wire ring rotates. If wires are led from 


Fie, 150.—A, Pacinotti-Gramme ring (model after Weinhold), », natural 
size ; B, Hefner-Altenecks’ drum inductor—in section. 


the windings to copper strips, which, insulated from 
one another, are fixed on the turning axis of the 
ring (A, fig. 150), and if the wire brushes touch at 
the right place, then at every moment parts of the 
wire coils, just as they pass by the indifference zones 
(2, t, B, fig. 149), will be in contact with the contact 
brushes. If conduction is established between both 
contact brushes (b, and 0b, A, fig. 150), then they are 


traversed by continuous currents flowing in the same 
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direction. In true Gramme machines, instead of each 
single winding of the ring armature, we must imagine 
a wire coil. The mode of action is, however, the same 
(Appendix, 38, p. 410). 

The action of the inducing magnet pole, the so- 
called “field magnet,” on the wire coils and that of 
the generated current in the coils of the armature has 
not been taken into account. Really the outside of 
the iron ring opposite the field magnetic pole is very 
dissimilarly, but the inside of the ring very weakly 
similarly magnetic, so that the process is more com- 
plicated. The total action, however, corresponds to 
our description ; but for every machine of this nature 
the position of the contact brushes upon the insulated 
metal strips of the axis, which collect the induction 
currents and are hence called collectors, or (in this 
case wrongly) commutators, must be got by trial. 

The first electro-magnetic machine which delivered 
continuous direct and induction currents: was dis- 
covered by Professor Pacinotti of Pisa (1860), but 
his machine remained unnoticed and forgotten until 
the Belgian Gramme (1871) discovered it anew and 
improved it so much that it became of industrial 
use, and it then drove all other magneto-electric 
machines out of the field. For the solid iron core 
of the rotating ring he substituted a bundle of 
thin iron wires insulated from each other, as being 
capable of more rapid magnetization and de- 
magnetization, and by this contrivance disturbing 
induction currents inside the core of the induction 
coil were also avoided. Only later did Pacinotti’s 
inventions become known, so that the most essential 


part of this rotating machine, the rotating ring wrapped 
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with wire, is usually called Gramme’s ring. These 
machines were soon constructed on the basis of 
Siemens’ dynamo, and even now belong to the most 
powerful class of dynamos. 

The drum inductor of Hefner-Alteneck, of the firm 
of Siemens and Halske in Berlin, which delivers 
direct continuous currents at will, rests on another 
principle. In this case the wire of the induction 
coil is rolled lengthwise round a soft iron cylinder, 
rotating immediately in front of the pole-pieces— 
(NN, SS) of the field magnets, which embrace the 
greater part of the cover of the cylinder. Since, in 
this pattern of machine, the lines of force cut at right 
angles the greater part of the induction coil, very 
strong currents are formed. We cannot enter into a 
description of the very complicated action of this 
_ apparatus and the peculiar connection of the separate 
windings with one another and with the collector. 
Lately many new machines have been constructed, 
according to the particular requirements and ideas of 
their makers, but in the main they follow one of the 
types described: namely, Gramme’s ring or Hefner- 
Alteneck’s drum. 

We must now examine the practical application of 
the principle of the dynamo, t.e. how the induction 
current is conducted through the windings of the 
field magnets, as the useful effect of the machine 
chiefly depends upon it. 

I. The normal or series winding (I, fig. 151), first 
employed by Siemens in 1866, conducts the induction 
current through the spirals of the field magnet and 
then through the service conductor (BL), which is 


also in series, The induction currents can, in fact, 
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only arise in this place if the circuit is closed by the 
service conductor. This arrangement, which yields 
very strong currents when the resistance of the 
conductor (BL) is very small, has the disadvantage 
that when the resistance increases, the strength of 
current and therewith the force of the field magnet 
declines, which in its turn results in a further 
weakening of the induction current. Also a change 
of poles easily intervenes, which in certain kinds of 
work, such as electro-metallurgy, is very troublesome. 


Fic. 151.—Various windings in dynamo. I, normal series ; II, shunt 

winding ; III, compound winding. 

II. Shunt winding (II, fig. 151), which Wheatstone 
proposed in 1867, brings forth, from the brushes of the 
collector (b; b,), a double current as service conductor. 
If this is now disconnected, the entire current flows 
round the field magnet. Also, if the resistance of the 
conducting medium is increased by the strengthening 
of the field magnet—the resistance of the coils of 
which remains unchanged, and, therefore, in com- 
parison with that of the service conductor becomes 
smaller, and consequently contains a larger part of the 
current—the entire strength of current is still greater, 
as it would be according to Ohm’s law when the 
current 1s constant—as for example with an electro- 


magnetic machine. This winding is, compared with 
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the normal arrangement, especially advantageous if 
the service conductor has no constant resistance. 

III. Compound winding, or connection with mixed 
windings, which was first used by Brush in 1879. The 
field magnet has in this case two windings. One, of 
strong wire, is connected, as the series winding, by 
the collector with the service conductor (L), whilst 
the other, of fine wire, only leads the current round 
the electro-magnet. When the resistance in the 
service conductor is increased, a correspondingly 
greater portion of current flows through the many 
coils of the thin wire, whereby the magnetic field 
and, with it, the total strength of current is so 
considerably increased that a machine of this kind 
(with compound winding), even when the resistance 
of the service conductor varies within wide limits, 
still exhibits a very constant electric polar differ- 
ence.” It is, therefore, particularly suitable for 
electric lighting by means of incandescent lamps, 
which are not all in use at the same time. All 
dynamos give the best results when the resistance in 
the service conductor is equal to that in the wind- 
ings of the machine. This latter corresponds to the 
internal, the former to the external resistance of the 
battery of galvanic cells. 

The wonderful uses to which electricity has within 
the last few years been put are on the whole known 

1 In many works on electricity (especially those of a technical 
nature) the word tension is much used for electromotive force, or 
tension of poles and terminal voltage, instead of our expression 
‘electric polar difference.” I have avoided these expressions, as. 
they may lead to misunderstandings. In these last cases, electric 


tension is not the same as “ polar difference,” or its equivalent 
p ) 
“potential difference,” which is meant here. 
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to you, so that I need only very shortly touch upon 
them. 

The electric lighting of streets and lighthouses 1s 
effected by arc lamps. Here hard carbon rods are 
brought into contact by automatic contrivances, when 
the current is established, and having begun to glow, 
the ends are again drawn apart and kept at a certain 
distance. Since the direct current causes the positive 
carbon rod to be more quickly consumed, a thicker 
carbon is used, or a special dynamo is used with the 
alternating current (Appendix, 39, p. 411). 

There are no limits to the illuminating power of the 
electric arc lamp, for lately masses of light have been 
generated which, taking distance into consideration, 
give more light than the sun. 

The arc lamp, fitted with powerful parabolic reflectors 
and condensers, is of great importance to war-ships 
and armies in the field. It is very rich in the power- 
ful blue and violet rays, and can therefore be used 
in photography. Incandescent lamps (p. 300), are 
used in the illuminating of rooms, as the light given, 
although of orange-gold shade, is softer and pleasanter 
for the eyes than the bright and dazzling are lamp. 
Nernst’s incandescent lamps do not need a vacuum and 
furnish a very beautiful white light. 

The enormous heat of the electric are light is the 
greatest which can be attained. By certain contriv- 
ances metals fixed at the point of contact can be 
melted and fused together. Benardos of St Peters- 
burg was the first to carry out this operation. At the 
last Electrical Exhibition in St Petersburg cracked 
bells were fused in this way, and again made perfectly 


resonant. 
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The most stubborn acid combinations are decom- 
posed by the heat of the electric arc, and by means 
of Siemens’ electric furnace, out of common minerals 
such as clay, certain light metals can be extracted, 
as, for example, aluminium, pure or in alloys, as 
bronze. 

If one dynamo is properly connected with a second 
one, called the “inductor,” then, if the first is put in 
action, the second or ‘‘coupled” one will rotate, as was — 
the case with the influence machines (p. 119). If the 
axle of the inductor is provided with a fly wheel, then 
this “electric motor” will perform mechanical work, as 
if driven by a steam-engine. As it is not necessary 
for the driving machine to be directly coupled with 
the motor, but they may be connected by long con- 
ductors, the possibility arises of making use of 


certain forces of nature, which otherwise would be 


lost. If, for example, turbines are set up near 
waterfalls, and dynamos are driven by them, then 
the current can be led hundreds of miles uphill 
where such motive power is needed. In such trans- 
missions of electric energy, transformers are of the 
utmost importance. As you already know (p. 256), 
the resistance of a long conductor is overcome with 
greater ease if the electromotive force of the current 
is very great. On the other hand, it is very difficult 
to insulate current of high potential, so that loss of 
energy easily takes place and may sometimes cause 
great damage by fire. It is also the case that if the 
conductor is accidentally touched, great danger to 
life results from the electric shock (Appendix, 39). 
Hence alternating induction currents of high potential 


(of 30 to 40,000 volts) are generated, which are 
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changed at their destination by transformers into 
currents of low potential (110 to 300 volts), but of 
correspondingly greater intensity, before they are 
transferred into the conducting mains. Since Doliwo- 
Dobrowolsky, at the Frankfort Exhibition in 1891, 
first carried the transmission of electric energy 175 
kilometres from the Neckar, many factories have 
been built in Switzerland and driven in this way, 
and in North America entire towns are thus lighted. 
As our forests are becoming fewer and our coal- 
supplies, formerly considered to be inexhaustible, 
now threaten to give out, the transmission of 
electric energy is the problem of the future, and will 
certainly set its mark on the twentieth century. 

Before closing the chapter on electric induction, The tele- 
I must mention one of its practical uses, at the same bee 
time one of the latest achievements of our age, 
and scarcely of less importance than the telegraph. 
I refer of course to the telephone, or “distance 
talker.” 

In 1860, Reis constructed a telephone, on the 
principle that a steel knitting-needle, wrapped round 
with copper wire, when made to vibrate rhythmically 
by current shocks, gives forth a clear sound, the 
pitch of which depends on the number of shocks per 
second. In Reis’s contrivance the electric current 
was closed and then entirely opened, and when a 
sound was transmitted, the pitch was repeated but 
not the tmbre. This defect, as well as the buzzing, 
annoying, subsidiary sounds it gave forth, caused 
this instrument to be relegated to the curiosity cup- 
board of the laboratory, whence it was only taken 


to serve aS an amusement for the idle student. 
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Of more ingenious, simpler, and therefore better 
construction is Graham Bell’s telephone of 1877, 
which, although in an altered form, will be. known to 
most of you. 

To make the modus operandi of the instrument 
more intelligible, I take a bar magnet (M, in fig. 
152, A), fitted with an in- 
duction coil, the ends of 
which lead to. our solenoid 
galvanometer* (fig. 180). 
A thin piece of sheet iron 
is fastened on a stand (e). 
When I put this near the 
magnet, the galvanometer 
deflects, but returns to 0 
immediately the iron plate 
is at rest. When it is 
removed again, the needle 
deflects to the other side 
/ —that is to say, while 
Fic. 152.—Action of the telephone, an iron plate is approach- 


vy natural size, A, generation | 
of an induction current by the ing the pole of a magnet, 


approach of an iron plate to the : 7 Peele 

core of an induction coil; B, dis- an induction current is 1n- 

placement of the lines of force of : : : 

a bar magnet on the approach of duced in the wire coil sur- 

bape Ny rounding it. The same thing 
happens when the plate is being taken away; but 
the current is in this case in the opposite direction. 
If the sheet-iron plate is quite close to the magnet, 
a slight movement of it is enough to generate an 
induction current. 

As we know, an induction current only arises if a 


conductor cuts right across the magnetic lines of force. 


ie M Be) 
pt IAT i ay 
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1 In fig. 152 a simple galvanometer only is shown. 
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But in this case both the induction coil and the 
magnet are at rest, and therefore the approaching 
(or the removing) of the iron plate must have acted 
as if the lines of force alone had been displaced, and 
in so doing had cut across the windings of the in- 
duction coil. We have seen (fig. 148, p. 356) that 
the presence of a piece of iron in the magnetic field 
influences the course of the lines of force. To show 
you the effect of the movement of the piece of iron 
upon the lines of force, I lay before you on the table 
a powerful bar magnet, cover it with a piece of card- 
board, and indicate in the usual way with steel filings 
the magnetic lines of force. Whilst one of you, by 
knocking on the card, causes the movement, I push a 
piece of very soft iron, fastened to a long, thin 
wooden rod, towards the magnetic axis of one pole 
(B, fig. 152). You see how the lines of force turn 
more and more towards the piece of iron the nearer 
this last comes to the pole. Now (in B, fig. 152) the 
lines of force are already much denser at the magnetic 
poles than before, and it is just the opposite as the iron 
is withdrawn. The approach of an iron plate to the 
magnetic pole has the same effect as an increase of 
the intensity of the magnetic field in front of the 
poles, or as a concentration of the lines of force at the 
magnetic poles, and therefore a displacement in the 
direction of the arrows in II B, fig. 152. And this 
is the condition for the formation of induction cur- 
rents (cf. pp. 334 and 341). 

To make the mode of action of Bell's telephone clear 
to you, I will use a simple model (A, fig. 153). Two 
strong magnets on stands have at the end of each 


wire coils, which are connected with each other by 
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wires, so that the induction current induced in R, 
may act also in R, Before the pole of M, there 
swings by a fine elastic watch-spring a small thin 
disc of thin sheet iron (e), having a piece of paper 
gummed on the side turned towards the pole. I 
regulate the distance so that the spring may be some- 
what stretched, owing to the attraction exercised upon 
the disc, but so that the disc and the magnet do not 


Fic. 153.—A, simple model of telephone, after Bosschard, 4, natural size ; 
B, Bell’s telephone, 4 natural size. 

touch. IfI present a soft iron plate (E) quickly to 
the magnet M,, the little disc (¢) is at the same time 
attracted, although the movement can scarcely be 
noticed. But if, while the spring vibrates, I present 
and withdraw E, the disc (e) soon exhibits visible 
oscillations. If I had crossed the connecting wires or 
had put the wire coil in the nearer end of M,, the 
oscillations of e would also have followed, but the 


inducing current would have influenced the intensity 
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of the magnetic field at M, in the opposite way, and 
therefore an approach of E to M, would have caused 
the withdrawal of the disc (e) from M,. 

Bell’s telephone (B, fig. 153) consists only of a 
strongly magnetized steel rod which is at a very short 
distance, which can be adjusted by a screw, from 
a round nickelled plate of thin sheet iron (e). This, 
tightly fixed in the casing of the plate, is attracted 
by the magnet and, therefore, kept continually in a 
_ state of tension. But if, by reason of sound-waves, 
this iron membrane is set vibrating, then both by the 
approach and the immediate withdrawal of the plate 
from the pole, induction currents of the opposite 
direction are induced in the coil (R), which are con- 
ducted to a second telephone. In this, each separate 
current shock generates at the like intervals variations 
of intensity in the magnetic field, and the iron mem- 
brane of the second telephone is thrown into the 
same simultaneous or isochronous vibrations, which 
are imparted to the air and become audible as sounds. 

In this process we have the following phases :— 


I, Telephone (Transmitter). II. Telephone ( Receiver). 

1. The vibrations of sound produced | 4. The impact of the current gener- 
in front of the telephone cause ates oscillations in the intensity 
similar vibrations in the iron of the magnetic field. 
plate. 5. This occasions vibrations in the 

2. Hence arise oscillations in the iron plate, 
intensity of the magnetic field. | 6. Hence vibrations in the air are 

3. These generate induction cur. caused, 
rents. 


By means of Bell’s telephone, therefore, without 
the aid of any source of current, a sound may be 
transmitted to another place, or, to put it more 
accurately, again called forth there. But since, in 


this case, the induction currents must first be pro- 
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duced by the vibrations of the iron membrane, and 
in addition there must be a conversion of mechanical 
energy into magnetic and electric energy (and vice 
versa), in which operation a loss of energy cannot 
be avoided, it follows that these telephones are only 
capable of conveying the human voice distinctly over 
comparatively short distances. Yet well-constructed 
instruments, particularly those of von Siemens of 
Berlin and of Ader in Paris, which have horse-shoe 
magnets with pole-pieces which act simultaneously 
on the plate, are strong enough to act over a 
distance of 30-40 km. [roughly, 18 to 25 miles], 
and hence are often employed in town telephone 
systems. 

To telephone distinctly over greater distances, the 
oscillations in the intensity of the magnetic field 
must be increased, without, at the same time, inter- 
rupting the current entirely, as was the fault in Reis’s 
instrument. The main-thing is, then, instead of 
using up the energy of the sound waves, to draw upon 
that source of current supply, and by bringing about, 
by means of sound vibrations, an alternate to-and-fro 
variation in the current intensity, to reproduce, in 
the second apparatus, not only the pitch and the 
relative strength of simple tones, but also, as far as 
possible, their tembre or quality. 

Liidtge (of Berlin, January 1898), and at the same 
time Hughes, were successful in effecting this in a 
surprisingly simple manner. If pieces of charcoal, 
loosely put together, are connected in the circuit of a 
galvanic cell, they will give, when pressed closer, an 
extension of the contact surface, and with it a decrease 


of the resistance at the same place. Ifa carbon rod 
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(A, fig. 154) is placed between two fixed pieces of the 
same material (and connected with the conducting 
wires), so that the pressure may be regulated, then 
small shocks given to the diaphragm, to which the 
carbon-holders are connected, will cause a correspond- 
ing decrease or increase of the resistance, whereby 


current undulations will be generated. These bring 
about in the telephone circuit much greater varia- 
tions of the intensity of the magnetic field than the 
weak induction currents of a transmitting telephone. 
The tone is so much strengthened, that the crawl- 
ing of a fly, for example, is heard as a loud 


scratching. By its means the smallest noise can be 
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heard, hence Hughes—by analogy with the micro- 
scope, which displays to our view the miniature world 
—called it a microphone or distance-hearer. 

It becomes much more effective—especially if the 
sounds have to be conveyed very great distances— 
when used in conjunction with an induction apparatus 
(A, fig. 147). Ifthe current is led from the microphone 
to the primary coil (I), thence back to the cell, and then 
to the secondary coil (II) consisting of many windings, 
induction currents of high potential will be generated 
by the vibrations caused by the microphone. These, 
in their turn, will act most energetically on the 
telephone connected with it, at a very great distance 
away. In this manner it has been possible to 
connect by telephone places so far apart as New 
York and Chicago; and even the sea offers no 
insuperable obstacles. Daily the telephone is draw- 
ing near to one another towns and even nations, so 
that it is a most important factor in everyday life. 
It has completed the work of its elder brother, the 
telegraph, by rendering it possible to recognise the 
very voice of the speaker. 


CoNCLUSION 


I have occupied your attention in this chapter for a 
long time, yet I have been able to touch upon only 
the salient points, as otherwise we should overstep our 
proposed limits. 

Often during our wanderings we have had to take 
refuge in hypotheses, in order to bring into line the 
phenomena observed. Perhaps it will not be un- 


interesting now, at the conclusion, to cast a backward 
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glance at the changes in these physical hypotheses, 
and then to cast one forward in the direction whither 
the investigators of to-day are bending their steps.! 
One often sees in books the statement that the 
task of physics, as a science, is ‘“‘ to explain observed 
phenomena.” What is the exact meaning of “ ex- 
plaining” physical processes? Evidently nothing 
more than to refer unknown processes to known 
ones, and it depends on the accidental evolution of 
physics as to what is to be considered as ‘‘ unknown.” 
All explanations of physical processes, therefore, 
bear the mark of uncertainty, and are dependent 
upon the changes of the epoch. It is not the 
explanation of physical phenomena, but rather the 
demonstration of their connection, which is of last- 
ing value, and which we require for the knowledge 
of nature. The object of physics, therefore, is to 
reveal the connection of all observed phenomena. 
At the beginning of the present century it was 
universally accepted that heat, light, magnetism, and 
electricity were quite independent bodies or fluids, not 
subject to the law of gravitation, and hence without 
weight or imponderables. According to this notion, 
physics was divided into the science of the ponder- 
ables, the mechanics of solid, fluid, and gaseous 
bodies, and of the wmponderables, four or six of 
which, namely, heat, light, magnetism, and elec- 
tricity, were recognised, the last two being again 
subdivided by the supporters of the two-fluid theory 
into two substances with opposite qualities. There 


1 In this the author is following the thoughts of Prof. Dr. O. 
Chwolson, given in a small but fascinating pamphlet, “The 
Hertzian Experiments” (1890). 
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was no connection between these various domains. 
But when the influence which the galvanic current 
exerted upon the magnetic needle established an 
unexpected connection between the domains of elec- 
tricity and magnetism, until then supposed to be wide 
apart, the barriers between the two fell to the ground, 
and there was no further ground for attributing any 
special and particular quality of imponderability to 
magnetism. Hence this theory was given up. 

This was an important moment in the history of 
the development of physics, for natural science then 
entered upon a new phase. Similar results, not so 
marked, because already foreseen, followed researches 
in spectrum analysis, when it was proved that the 
rays of heat and of light, as also the chemically 
active rays, were not intrinsically different, but that 
it depends on the nature of the bodies on which it 
impinges whether the same ray causes heat, light, or 
chemical action. It was now generally accepted that 
these light and heat rays are simply one and the 
same; that is, they are all oscillatory movements of 
the all-pervading, imponderable matter called ether ; 
and so the idea of a “‘ heat-matter” was shelved. 
The latest theories then current only recognised 
two entirely distinct imponderables: the light-ether 
as a carrier of the phenomena of light and heat, and 
the entirely mysterious, incomprehensible bearer of 
electrical and magnetic phenomena. 

Towards the end of last century physicists accepted 
the hypothesis that the phenomena of influence and 
induction were direct action at a distance, in which 
the “insulating” medium lying between a dielectric 


played a passive part, so that all electric processes 
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were confined to those taking place in or upon the 
conductor. Faraday would not accept the theory of 
action at a distance without a medium, and held 
that the dielectric surrounding an electric conductor 
was the main carrier of dynamic or kinetic action. 
According to him, the magnetic and electric lines 
of force which marked the direction of the forces 
working for the time being had a real existence. 
He proved by the condenser that the nature of the 
dielectric considerably influenced the capacity of the 
condenser; that, for example, a vacuum acted as a 
dielectric, and that the substitution for air of another 
dielectric, e.g. sulphur or gas, increased the capacity 
of the condenser in a particular ratio (p. 92). 
Hence he concluded that the magnetic and electrical 
dynamic effects take place in the surrounding 
dielectric itself, and that these changes of condition 
are made in this and not in the conductor, these 
changes being what we call electric actions at a 
distance. Faraday also supposed that these changes 
of condition took place indirectly; therefore they 
kept moving from point to point. It follows from 
this that the real causes of magneto-electric action 
must be some medium pervading all space, and that 
these actions, even in the dielectric, require time to 
spread from one point to another. It is even con- 
ceivable that this electric action in space still con- 
tinues, although the exciting force which acted in 
the beginning has vanished; just as a planet may 
already be extinguished while we still see it in the 
heavens, because its light had been many years on 
the way before it meets our eye. Almost of necessity, 
therefore, the hypothesis gained followers that the 
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world-ether and the light-ether were at one and 
the same time carriers of magnetic and electric 
phenomena. Recent researches have made this 
highly probable. Faraday, the greatest experimen- 
talist of all time, did not possess the equipment of 
the higher mathematics, but his pupil, Clerk-Maxwell, 
who unfortunately died before his master, drew up 
on a mathematical basis an electro-magnetic theory of 
light, which conceives magnetic, electric, and optical 
phenomena as reciprocal movements in the ether. 
If this theory is correct, magneto-electric undulations 
should be producible which obey the laws of optics, 
that is, should possess reflection and_ refraction. 
Neither Faraday nor Maxwell were able to bring 
their experiments to a successful issue on this point ; 
in fact, it was not until the end of the nineteenth 
century that a young German scientist, who unfor- 
tunately died early (1st January 1894), Professor 
Heinrich Hertz, after arousing wide interest by his 
Researches as to the Propagation of Electrical 
Energy* among the physicists of all nations, placed 
himself by one stroke in the forefront of the scholars 
of all time, by the great discovery denied to the 
genius of his predecessors. 

It is not my task to describe to you the complicated 
experiments of the talented physicist, in whom the 
experimental facility of a Faraday was joined to the 
mathematical precision of Maxwell. It will be suffi- 
cient if I point out a few of the difficulties that had 
to be overcome, and to mention shortly some of the 
results. 

* Untersuchungen iiber die Ausbreitung der elektrischen Kraft 


(1887-1893). 
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The light-ether, like every other elastic medium, has 
the property of propagating, through periodic impacts 
In one spot, continuous concussions or perturbations 
of constant velocity which is quite independent of the 
number of impacts occurring per unit of time. In the 
wave movements of light, the separate particles have a 
kind of oscillating motion like that of a pendulum, while 
the propagation in space, at right angles to the plane of 
oscillation, of the separate particles is the result (trans- 
versal oscillation), The space round which the move- 
ment in space goes on, while a particle is completing its 
undulations to and fro about its point of equilibrium, 
is called its wave length. Since, as was mentioned, 
the velocity of propagation of the waves is constant, 
the waves will be longer in proportion to the slowness 
with which the periodic impacts which provoke them 
succeed each other. We now know that the magneto- 
electric waves, like light waves, consist of trans- 
verse oscillations of the ether, and hence they must 
have the same velocity of propagation as light—that is 
to say, 300,000 kilometres, or 300 million metres per 
second. Under these conditions electric waves of 10 


metres long (longer ones can scarcely be observed in an 


300,000,000 
10 


enclosed space) must complete or 30. million 


oscillations per second. In order to generate waves 
of 3 metres long, capable of being observed in a 
physical laboratory, the generating impacts should 
follow each other 100 million times in one second. 
After numerous failures, Hertz succeeded, by Hertz’s 
means of a clever contrivance which he fitted to Pays 
Riihmkorff’s induction coil, in causing electric dis- 
charges to follow one another with such velocity as 
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to be able, with their help, to generate permanent 
“electric waves” in the air, the wave length of 
which could be measured. He also discovered that 
these electric waves are transmitted in straight lines 
in a uniform dielectric, but that if they meet another 
dielectric they are refracted like, and, in fact, according 
to the same laws as, the rays of ight. Surprising, too, 
at first was it to find, although it was in agreement 
with Maxwell’s theory, that conductors or metals do 
not transmit electric oscillations, but reflect them. 


To give you at least a representation of the origin 
of electric waves, we will make use of a very simple, 
but at the same time a very effective arrangement. 

The most essential part of this is the coherer 
(A, fig. 155), consisting of two powerfully magnetized 
steel rods (m, m,), 2 mm. thick, the distance of which 
from each other may be accurately regulated by the 
micrometer screw (MS). The magnetic rods are fitted 
into small insulated, nickel-plated metal stands, which 
serve at once for the reception of the wires conducting 
the current and of the antenna (a). The function of 
this antenna is to intensify the electric waves, which 
it does by intercepting them and imparting their 
oscillations to the coherer. A similar phenomenon, 
called resonance, occurs in acoustics. Between the 
unlike magnetic poles, which are close together, there 
is a sprinkling of very fine, bright iron filings (e), 
which forms the bridge for the electric current E, H, 
(B, fig. 155). During the experiment a piece of 
cardboard is placed over the screw x to prevent the 
filings falling on the micrometer. Since the loose 


filings have only very small contact surfaces, their 
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electric resistance is so great, that the current of 
the cells E, E,, in series, is only just able, when the 
distance between the poles is very great, to ring the 
bell and produce deflection of the galvanometer.' 

Let us increase the distance between the poles 


wh 


Fic. 155.—Electric waves (spark telegraphy). A, coherer (after Geschoser), 
improved by H. Pantenius, } natural size; B, Experimental arrange- 
ment, Ie, micrometer movable spark gap (transmitter); J, small 
induction coil; E, cell; S, switch key. Ile, coherer (receiver); G 
galvanometer ; 47, electric bell, about 1, natural size. 


? 


until the action just ceases. Now the receiving 
station (II B, fig. 155) is ready for use. 
In the transmitting station (IB, fig. 155) the 
current of the cell EH passes through the primary of 
' The solenoid galvanometer (fig. 130) is very convenient, or the 


galvanoscope (C, fig. 111). In fig. 155 is shown a dead-beat 
galvanometer. 
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the small induction coil (J), and may be closed at will 
by the contact key (8). The secondary winding is 
also connected with the movable spark gap* with 
micrometer screw adjustment f, from the end of one 
of the supports of which rises a little brass rod con- 
nected with the antenna. This is, like the other, of 
copper wire, 350 mm. long and 2 mm. thick. 

As soon as one of you presses down the contact 
key (S), the electric bell sounds and the galvano- 
meter exhibits a great deflection. On account of the 
electric waves, the conductivity of the sprinkling of 
iron filings has suddenly become greater. By tapping 
on the coherer stand with a lead-pencil, or by striking 
on the table, the unstable equilibrium of the iron 
filings is again disturbed. The bell stops ringing and 
the galvanometer needle returns to its position at 0. | 

In the case of the coherers used for spark telegraphy, 
a contrivance similar to the striking lever of an 
electric bell is fitted, which automatically gives a 
shock to the coherer and makes it immediately 
capable of action again, as is necessary for telegraphic 
operations. 

We cannot go further into this; still, | must just 
mention that if the coherer and the spark length are 
fixed in the focal point of a properly-shaped cylindrical 
parabolic reflector, the influence of the electric rays 
thrown in a certain direction is perceptible from a 


1 This contrivance may be dispensed with, if one does not mind 
the trouble of connecting the proper wires to the terminals of the 
secondary spiral (J). It is advisable to insulate the outer ends with 
handles of sealing wax or ebonite, and to bend them into loops, 
one of which is horizontal and the other vertical. By this means 
the spark length will be greater. The spark length must be in 
unison with the coherer. Here it=0-°5 to 0'2 mm. 
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great distance; thus the polarization, reflection, and 
refraction of the electric rays may be shown. 

The great importance which wireless telegraphy has 
lately gained is well known to you. It has proved a 
boon to ships, and in future will be much employed 
in war both on land and sea. 


It is of great interest to follow the progress of our 
knowledge in the domain of ether waves. Before I 
pass on to give you a glimpse of this matter, | should 
like to call your attention to the measurements used 
for calculating wave lengths. 

You know that 1 kilometre (1 km) = 1000 metres, 
and 1 metre = 1000mm. For very small magnitudes, 
as light waves, the millimetre even is too great. 
Therefore as unit of length the y 55 part of a mm., 
z.€. 1 mikron (1 #), and its thousandth part, 1 mikro- 
mikron (1 #«), were taken. Thus we have’ 

1 km. = 1000 m. 
1 m.=1000 mm. 


1 mm. = 1000 p. 
1 »=1000 py. 


If we want to use a single one of these units of 
length as measure, we should have to deal with very 
large numbers, or with decimals of many places. 

In acoustics, the interval between two tones, the 
higher of which makes exactly double as many 
vibrations or has a wave length half as great, is called 
‘an octave.” 

1 In scientific works it is the custom, for the sake of clearness, 
and to prevent the confusion arising from factors, to write the 
name of the unit of measure above as index—thus, 10° 15’ 16” 
35 18™ 12°. For typographical reasons, objection is often taken 


to this. 
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[f we use this method for the ether waves, then 
we have the lower octaves. 


Funda- | 

meen LoTsrne | TIE TV. | V4 Vie 7 VIL Vile * ie 

A=1 m. |2 m./4 m.| 8 m.|16 m./82 m.|64 m.}128 m.|256 m.|512 m,|1024 m. 
In round Nos. . . {1000 m. 


If in octave X we put 1000 (instead of 1024), the 
24 
hore 
possible for us to replace every tenth octave by one 
of the above units of length, by which means a clear 

view of the whole range may be obtained. 

The following fig. (156) shows you a diagram of the 
ether waves now known, which I have taken from 
Professor Dr P. Lebedeff of Moscow’s ‘Skala des 
elektro-magnetischen Wellen des Athers,” Physi- 
kalische Rundschan, 1901, p. 229, which the author 
has kindly allowed me to reproduce here. He has also 
completed them by forwarding particulars of the wave 
lengths of spark telegraphy, and by corrections in the 
upper regions of the waves generated by alternat- 
ing dynamos, as shown by the bolometer. 

At first only the one octave of the rays visible 
to the eye, namely, the solar spectrum, was known; 
then the thermal and the chemical or photographic 
rays were examined. The entire range comprises 
more than nine octaves, six of which come below 
the less refrangible infra red, and a little more than 
two octaves above the ultra-violet rays. 

How immensely our knowledge of ether vibrations 
was extended by Hertz’s discovery will be seen by 
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a glance at the table 
(fig. 156). Hertz’s 
waves in wires and 
in the air alone 
embrace sixteen 
octaves, and all 
those already ob- 
served more than 
thirty-two (Ap- 
pendix, 18). 

Between the 
shortest electric 
waves and the 
longest heat waves 
there still remains 
an uninvestigated 
region, but its ex- 
ploration is merely 
a question of time. 

It is otherwise 
with the unknown 
domain beyond the 
ultra - violet rays, 
and it is scarcely 
probable that we 
shall ever be able 
to identify waves, 
the length of which 
is smaller than the 
diameter of the 
molecule (14). 

As Helmholtz 


showed, waves of 
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so small a length can exhibit scarcely any per- 
ceptible reflection and refraction, and hence their 
wave length cannot be calculated according to optical 
methods. The saying of Dubois-Reymond is very 
suitable in this connection: ‘‘ Science has no eternal 

boundaries, but still there is always some boundary.” 


By Hertz’s discovery, the theory resting upon 
Faraday’s and Maxwell's electro-magnetic light hypo- 
thesis was confirmed, and now, about 100 years after 
the discovery of the galvanic current, the parti- 
tion which divided optical from magneto - electric 
phenomena falls to the ground. There is still much 
to investigate, but through the preliminary researches 
of Faraday, Maxwell, and Hertz, the science of physics 
has entered upon a new phase of development. 


I have only been able to give you an introduction 
to the science of electricity. But if you are induced 
by what you have learned, to make further incursions 
into its domain, my labours will be amply rewarded. 


384 


Appendix 


HISTORICAL REMARKS—REPAIRS—SUPPLE- 
MENTARY AND PRACTICAL HINTS 


I. THE name “electricity”! (amber-force) was invented Page 1. 
by Gilbert (b. 1540 at Colchester, d. 1603 at London), 
In his work, De Magnete magneticisque corporibus et de 
magno magnete tellure Physiologia nova (London, 1600), 
the following passage occurs: “Vim illam electricam nobis 
placet appellare, que ab humore pervenit.” “We will call 
this force which comes from moisture, electric.” Since this 
work contains the earliest researches in the science of elec- 
tricity, a short time ago (1900) we celebrated the three 
hundredth anniversary of the real discovery of electricity. 

2. The first electroscope (Franklin’s) consisted of two Page 7. 
insulated flax threads, from the end of which two small 
balls of elder pith were later suspended (Canton). Saussure 
used two bits of straw and Bennet two strips of gold leaf, 
which has, in most cases, been replaced by an aluminium leaf. 
In all the electroscopes above described the movable parts 
are at the end of the conducting rod. Only in recent times 
were the leaves attached to the side of the rod, and the angle 
of divergence thus received a considerable increase (Exner). 
The paper electroscopes used by me work on a kind of hinge, 
as does my single leaf aluminium electrometer (Zeitsch, 

* Electrum was originally a natural alloy of gold and silver (the pro- 
portion of silver being more than 20 per cent.), of which, about the 


seventh century B.c., the early Lydian and Greek coinage was manu- 
factured. The colour, a pale yellow, caused the Greeks to call amber also 


electrum. 
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fiir d. phys. wnd chem. Unter, 1888, p. 152, and 1889, 
p. 153). By this contrivance, the sensitiveness and the 
durability of the apparatus is much increased. It has lately 
had imitators. 

3, Mica (also called Marienglas) is a mineral containing 
silictum and potassium. The dark variety of magnesium-mica 
is not suitable, because it contains an oxide of iron and so 
acts as a conductor. The potassium-mica can be split into 
the thinnest sheets, which, after being dried in the sun or 
over a flame, are excellent insulators. It is recommended, 
however, to give them a thin coating of shellac-varnish. 

It is still better to cover the mica plates with a thin film 
of paraffin. They are laid on a heated sheet of metal and 
the paraffin is rubbed in with a ball of warmed hygroscopic 
cotton-wool, so that only the thinnest layer is left. 

4, The flexible wire-gauze (fig. 9) was used more than 
thirty years ago by Professor Vanderfliet in his St Petersburg 
lectures. The model I have described is a modified and more 
convenient form of the instrument. It deserves a much 
wider use than it has hitherto had. 

5. For this pretty experiment to be successful (fig. 12), 
the air must be allowed to enter slowly, otherwise the soap- 
bubble will easily burst. It is also advisable to clamp the 
ebonite tube to the short arm (at least 20 cm. long) of a retort- 
stand. For the soap-solution, Marseilles soap is the best; 
a drop of liquid ammonia and a few drops of glycerine may 
be added (rather too little than too much), The proper 
strength of the solution must be found by experiment. 

6. J. The lamp here used (L, fig. 16) was a petroleum flat 
burner of 18 candle power; later I used an acetylene 
lamp. ‘The condensing lens (x) has a diameter of 8 cm., and 
a focal length of 10-4 cm. The double lens (p), consisting of 
two plano-convex lenses, has a diameter of 10 cm. and a 
focal length of 15°5 cm. The distance between it and the 
projection screen (S) is, in a fully darkened room, 2°5 m., or 
1:5 m. when the screen is placed near the side of the window, 
so that no direct light from the window falls on the side of 
the screen used. It is better to darken this window. 


For the projection, a parabolic reflector of nickel plated metal 
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about 15 cm. high is placed on the lower part of the burner 
to concentrate the light of the lamp and to conceal the flame 
from the onlookers. In fig. 16 this is left out, as is the black 
screen (25 x 25 cm.) which is put on the frame of the lens 
(p) to protect the projection-screen from troublesome side 
lights. When electric light is available, instead of the lamp 
above described, an electric incandescent lamp of 25 (or, 
better, 50 candle power) is recommended. One-half of the 
bulb should be silvered. This is screwed into a socket and 
placed on a stand, and several such lamps should be pro- 
vided. A socket fitted with flexible wire (1$—2m.) which 
can be used for any incandescent lamp is suitable. The 
contact fork at the end of the conducting wire need then 
only be inserted in the plug of the lamp-stand. It is as well 
for the incandescent lamp to be put inside a cardboard 
covering, with a hole (80 mm.) cut in the side. The screen 
should be placed opposite the darkened window and in such a 
position that no light from the other windows can spoil the 
effect (cf. note, p. 29). 

LI. More convenient than the projection table shown in the 
illustration is the improved projection table (fig, 158, p. 398). 
In this apparatus, the lamp and table-top with condenser and 
projection lens can be raised together or separately; a double 
condensing lens is also used (Focus 60-75 mm.). This projec- 
tion table is very convenient for many projection experiments, 
as all the manipulations of the experimenter can be followed 
by the audience. 

7. Coulomb discovered the laws of electrical repulsion by Page 63. 
means of his torsion-balance, which is now scarcely ever used, 
as hewer apparatus, much more convenient and more sensitive, 
has been invented. 

8. If we give the lower plate of the condenser, which is Pages 73, 75. 
connected with the electrometer, a positive charge L, then, 
when we put on the upper plate and connect it to earth, a 
certain fraction («) of the charge will be bound on the 
lower plate. Therefore the quantity of bound electricity 
below L,=«xL. If now we touch the lower plate, then 
this has, in a certain measure, a new charge L,=a x. 


When touching the upper plate for the second time, the same 
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fraction of the present charge will also be bound again on the 
lower plate, therefore L,=# x L=a?L. 

If we continue the touching, first above, and then below, 
we get: 


On the lower plate (+ E) On the upper plate ( — E) 


Original charge = L ere! 
as. de She Wise ae 1. Touch (above) 
Bound: L,=2.L (hk ok) Seo ae 
1. Touch (below) 
Residual charge: L=«x L(as 
above) 
, Bc. eta hclken CeCien 2. Touch (above) 
Bound : L,=2x L,=27L oS Ua eae 
2. Touch (below) 
Residual charge L,=2?L TS an ee 
iP Stl She Aas 3. Touch (above) 
Bound ; L,=« x Ly=a3L ahi? seuhccaiey > tale 


Fis chy Shs “is nk RO Raed nth Touch (above) 
Bound: and after the n“ touch - oe 
below as residual charge : 

L»z=2” x L 


These values L and L, we can measure strictly by the 
electrometer, and hence calculate, 


From the equation 2*L.= Lr» follows: a= a ; therefore 


= oi / Een nam (98 H9— 08) ; Kee 
if n 1- 


With careful measurement by our standard condenser—the 
atmosphere being dry, with not more than 48 per cent. 
moisture—the original charge appears as L=5:0 scale units. 
After ten double touchings the electrometer indicated 
L,=4'7; therefore 
10 JA. : : 
c= a = pun 208.87 = N08 BO ) =0°9949., 

Accordingly 1—x=0:0051; therefore the required dzelectrie 


strength of the condenser is 
corel Lh 
0°0051 
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Another measure, when the air contained nearly 45 per 
cent. moisture, yielded K=-205; therefore, as the dielectric 
strength, we may take 


K=200. 


This method of determining the dielectric strength is 
indeed not scientifically accurate, but for our purposes quite 
accurate enough, and also easy and quick to accomplish 
(Appendix, 22, p. 397). 

In case the plates of the condensers do not insulate well, 
which is indicated by the falling of the leaves after putting 
on, conducting to earth, or taking off the upper plate, then 
the polished surfaces must be put under a stream of 
water, wiped with a soft cloth and dried (holding them 
by the insulated handle) over a spirit lamp, turning 
them obliquely until the humidity quite disappears. Before 
using the plates again they must be allowed to cool. 

9. This method of graduating the electrometer by means Page 76. 
of two condensers is minutely described in Zeitschrift fiir d. 
phys. und chem. Unter. (Berlin, Julius Springer), iv. p. 293. 

10. The effect of an electric jar depends, in addition to the Page 80. 
extent of the coatings, mainly on the power of insulation 
possessed by the glass. Jars which have to bear a high 
electrical tension, and give strong sparks, must be of thick 
glass and free from flaws. After the tinfoil has been 
pasted on, the glass must be very carefully cleaned and 
dried, and, whilst still warm, brushed over (on the uncovered 
parts) with shellac-varnish, otherwise all one’s trouble will be 
useless, To test whether the glass possesses its full power 
of insulation, the simplest method is, after having well 
cleaned and dried it, to rub it with well used amalgamated 
leather—the more it crackles and yields sparks, the better 
it will insulate. 

11, Tépler (of Riga) and Holtz (of Berlin) discovered Pages 102- 
influence machines simultaneously in 1864, Many modi- !1. 
fications of these are now in use. In many cases the glass 
dises are replaced by ebonite ones, and the number of dises 
increased, or contrivances are added to cause the machine 


(by friction with metal brushes on insulated buttons on 
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the rotating disc) to be self-exciting (Wimshurst, Holtz). 
More important are the machines with several (up to 30) 
rotating discs, which have almost the same effect as if 
several machines were connected together, so that one 
machine electrifies the armature of the next. These last 
machines, with free conductors, then yield sparks of very 
great power (high-tension machines, as they are called), or 
the machines are “coupled” together, ae. the electricity 
of the like poles is accumulated in common conductors. In 
this way larger quantities of electricity of the same degree 
of electrification are yielded, as if by a single machine. 
We shall meet with similar combinations of electrical appar- 
atus in galvanic electricity. 

12. Let us suspend the ball K (fig. 60, p. 124) by silk 
threads and connect it with the electrical machine placed 
at some distance away, the other pole of the electrical 
machine being connected to the earth. The aluminium 
electrometer, with candle attached as shown in J, fig. 60, is 
used and the case of the electrometer is connected with the 
earth wire. 

The ball has a radius r=5 cm. We place the candle 
exactly 500 cm. from the centre of ball and put the machine 
in motion: the divergence p is 3°1 divisions of scale, or 
200 x 3:1 =620 volts (cf p. 159). Therefore 


V=p x£=620 x "2° = 62,000 volts. 
r 


Since the pole connected to earth has the zero degree of 
electrification, the difference of the poles of the influence 
machine is 62,000—0 or 62,000 volts. These measurements 
can only be verified in a large clear space. 

Since the degree of electrification of equipotential surfaces 
decreases with their distance from the electrified body, a 
rather long insulated conductor, one end of which we bring 
near to the electrified body, will dip into different levels. 
Then from the higher level there will flow into the conductor 
as much electricity to the end furthest away as is necessary to 
make up the balance of the difference of level. Let us, for 


example (fig. 24, p. 46), imagine the electroscope connected 
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by a wire in the positive electric field of the ball (C), then 
a certain quantity of +E leaves the neighbouring electro- 
scope B for A; in B there is now less, and in A more elec- 
tricity than before. This difference remains, if, first the 
connecting wire, and then the influencing body C is removed. 
Now A has more electricity than its surroundings and must 
indicate +E (p. 50). In B it is the opposite. Hence we 
see why, in this case, in A as in B, only positive electricity 
can be conducted away. From this point of view the in- 
fluence experiment (p. 46) appears to us in a new light. To 
go into this matter would be beyond our domain; we there- 
fore refer the reader to Miiller-Pouillet’s Lehrb. d. Phys. 
und Meteorol., ninth ed., 1890, vol. iii. pp. 141-144. 

13. In order that the electric lines of force may appear Page 125. 
in all their beauty, the sulphate of quinine must be added 
to the oil of turpentine only just before the experiment. 
Instead of quinine, dry sawdust or coal-dust is some- 
times recommended. The mixture is useless next day. If 
the flat glass vessel (A, fig. 62, p. 125) is illuminated from 
below (by means of a mirror bent at an angle of 45°), the 
experiment may be made viewed objectively by fixing over 
the glass vessel a large total reflecting (right-angled) glass 
prism and then projecting the horizontal rays in the usual 
way. This experiment is not easy to carry out. (It was 
described first in an English scientific journal in 1891.) 

14, On the Egyptian temples in Edfu and Dendera there Page 131. 
are inscriptions which have been deciphered by Diimichen 
and Brugsch. They state that the high poles covered with 
copper plates and with gilded tops were erected “to break 
the stones coming from on high” (J. Diimichen, Baugesch- 
whte des Dendera-Tempels, Strassburg, 1877). 

Benjamin Franklin, in a paper read before the Royal 
Society of London 1747-1748, stated how, by means of a paper 
kite, “lightning could be drawn from the clouds,” but he was 
laughed to scorn. He himself performed the experiment in 
1752, after many others had made the attempt. \ Professor 
Richmann repeated the attempt in St Petersburg in 1753, 
but was killed by lightning in so doing. Prokop Divisch 
learnt of this through the newspaper, and in a pamphlet to 
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the Berlin Academy described an apparatus by which the 
lightning could be conducted to earth without damage. 
Accordingly, in 1754, he erected his first. conductor, whilst 
Franklin’s was first erected in 1760 in Philadelphia. Thus— 
if one excepts the ancient Egyptians—Divisch erected the 
first lightning conductor. 

15. If we make the threads of the pendulum long enough 
and the angle of divergence so small that we can consider 
the distance of both plates (B, fig. 72, p. 148) pg=d, with- 
out any great error, as the small side of a right-angled 
triangle (ogp), it follows, according to a simple geometrical 


rule, that k:g::d: 1, therefore he , where &, in fig, 72, 


represents the component of gravity acting on the pendulum 
p. If the pendulum p has the mass=m, then the gravi- 
tation pull acting downwards is y=m xg, and that of the 


component of gravity (k)=mxk=mxd x4. This com- 
ponent now keeps the forces of repulsion of discs p and 
q electrified with equal quantities of like electricity, in 
equilibrium. Now, as we saw (p. 62), the force of electric 
repulsion between two bodies similarly electrified (at a 
distance @) is 


2 

Therefore it is mxdxo=c, Now let d=1 em. and e=1 

(electrostatic unit of electrical quantity). Then the formula 

above will be simply m xt =— 1. Or we Then, if the pen- 
7 g 


dulum is pushed 1 cm. to the side by the electric force of 
repulsion, the force of repulsion will equal exactly 1 dyne. 


For the pendulum, whose mass m=1 (gramme), ‘us 1, there- 
g 


fore /=g=981 cm. is necessary. If, on the contrary, as in 
981 


our case, the length of string is confined to a cm., then, 
since m =" M1 = ses fs o therefore m= 0°25 gramme. 
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16. In our comparison between electricity and gravity, Page 155. 
we have partly followed the methods of Balfour Stewart 
and Haldane Gee, as given in their Practical Physics. 
The part of this work which treats of electricity offers a 
number of excellent exercises and experiments, which may 
be quite as well performed with the apparatus used by us, 
The methods are a little too concise for beginners, otherwise 
the study of this book is much to be recommended. 

17. Electric potential is usually defined as follows: “ The Page 157. 
electric potential of a body is the work which must be per- 
formed to bring the body from an unlimited distance, and 
therefore from the absolute electric zero level to an amount 
of (positive) electricity equal to 1.” Since in the practical per- 
formance of experiments we always take the electric level or 
potential of the earth as 0, we have formulated the meaning 
of electric potential in a correspondingly simpler way. No 
error can be made, since we have always to do with potential 
difference. The choice of the zero level is immaterial. 

18. The electrometer. Page 31. 

I, The electrometer should always be to the electroscope 
what the thermometer is to the thermoscope, 2.¢., the state- 
ments with regard to the single portions of the apparatus 
must not only admit of comparison, but also of calculation. 
In the thermometer the two “fixed points” (freezing and 
boiling point) denote a particular value. The electrometers 
must either be graduated (by the addition of equal quantities 
of electricity), or they must be so constructed that the 
divergences are in proper proportion to the charge, and 
afford a means of calculation. Our electrometer fulfils both 
these conditions with an accuracy sufficient for our purpose. 
If with 1 charge the divergence=a’,, then the divergence 
with a charge n times as great=a’,, and indeed the following 
ratio is found: tan a°,=2(tan a°,+a)—0, where a and 6 are 
constants, which in good electrometers of this kind have so 
small a value that for school purposes we can state: tan 
a°,=n tan a’, Our electrometer is, therefore, almost a 
tangent electrometer. 

Mechanical instrument makers often sell under the name 


“electrometer” an electroscope with 1 or 2 leaves, fitted with 
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a sinple graduation scale. These do not deserve the name 
electrometer. 

IT, The electrometer (fig. 15) is made with the graduated 
scale. This scale (fig. 13) is movable and only used for the 
demonstration. of graduation by projection, or for practical 
experiments in class. For self-graduation a graduated 
scale is mounted on a plane mirror which forms the back 
(91; Jo fig. 15, are the handles). The metal case is 130 mm. 
high, 140 mm. broad, and 95 mm. deep (so that the leaves 
may not touch). 

For many experiments, a paper leaf is better, on account 
of its durability. For this purpose we use an extra ebonite 
stopper with amber tube, conducting rod, and a paper leaf. 
Great care must be taken when taking out the aluminium 
leaf. The best way is to place the ebonite stopper in a glass 
tube into which it fits, and which stands on a wooden base. 
If the hook (¢), fig. 15, at the end of the wire spring is put 
on the conducting rod, then the aluminium leaf is protected 
from all accidental charges. This “electrical insurance” may 
also be used for the explanation of the action of Meldes’ 
lightning conductor. 

ITI, For quantitative experiments it is advisable to place 
a C-shaped piece of wire gauze before the front and behind 
the back plate, fastening the loops (bent at right angles to the 
net) to the little knobs (¢, fig. 15). These may be obtained 
with the instruments. 

Very worthy of recommendation is a contrivance of 
Professor K. Noack (Philos. d. Naturw., vol. ii., “ Elementary 
Measurements in Electrostatics”) to make glass plates con- 
duct well, namely, by putting them for a short time in 
Bollcher’s silvering solution (or phosphoric acid), 

A conductor, which could be moved aside, was fitted to 
the earlier electrometers to increase the sensitiveness of the 
instrument—for some experiments,—and to be able to use 
the apparatus also as a discharging electrometer. But as the 
delicate aluminium leaves were easily injured by it, and as the 
capacity-measurer (fig. 42) furnishes a convenient discharging 
electrometer, this secondary conductor is entirely omitted. 


ZV. If the aluminium leaf should get bent—during trans- 
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port of the instrument or when putting on the stopper (as in 
A, fig. 157)—the front glass plate must be taken out, and you 
must insert a pair of flat, polished pincers with rounded ends, 
so that the bent part of the aluminium leaf (without being 
touched) may come just within the points (B, fig. 157); turn 
these, in the manner shown by the arrow (1), until the bend 
in the leaf is the reverse of what it was before, then carefully 
draw the pincers downwards along the leaf (as shown by arrow 


Fie. 157. 


(2)). Do this several times until the leaf has become quite 
straight. This operation must often be repeated after several 
days. 

19. How to put in a new aluminium leaf in the electrometer. Page 31. 
We must first examine whether the sheet of aluminium is of 
the proper size. A piece of millimetre tracing paper of 
105 x 210 mm. is folded together at the middle of the long 
side. About 5 mm. of the edges of one of the halves so 
obtained are cut, the aluminium leaf is laid between, and 
the edges overlapping it are turned over and gummed fast. 
The whole is then placed on a piece of smooth cardboard, a 
ruler is laid on it, and with a sharp knife (with one draw of 
the blade if possible) strips of the breadth of the conducting 
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rod are cut («.e., for the electroscope and the earlier electro- 
meter 5—3°5 mm., and for the new electrometer 2 mm. broad). 

If the paper hinge is still good, the piece of the old leaf is 
first removed with a pair of pincers and the lower edge of 
the paper hinge is gummed (on the outer side). Then take 
hold of the new aluminium leaf with the flat pincers (P, fig. 
157) near the upper end, and put the leaf carefully to the 
paper hinge (the conducting rod must be held vertical, or, 
better, clamped in a support). When the leaf is quite parallel 
to the rod (not a breath!) the upper end of the aluminium 
leaf must be pressed to the gummed place. After smoothing 
the leaf as on p. 395, if necessary, it is cut to the same 
length as the conducting rod. 

The hinge is made of red tissue paper (carmine because 
it conducts the best)—breadth the same as the leaf, length 
about 5-6 cm. From one end about 1 cm. is carefully folded 
over, and a small piece is cut out of the middle of the folded 
part, then a needle is pushed through, and so pressed with 
the thumb that two round loops are formed. The upper 
piece of tissue paper is now cut so that a piece of about 2 mm. 
long is left below the loops. This is put over the wire loop, 
so that the paper loops just fit on the wire. Now the lower 
end of the shorter paper strip is gummed and pressed on the 
other slip of paper with the pincers. After the hinge so 
formed is quite dry, the longer strip is cut to the same size 
a8 the other and the aluminium leaf is put on. 

20. The force of repulsion which an electrified and insulated 
ball exercises on a similarly electrified point varies, accord- 
ing as the point is very near the surface (without touching 
it, however), or on the surface itself and inside the ball. 
Let d be the electric density of the ball, then the force of 
repulsion (a) : 

(1) On a point outside, but very near the surface of the ball (eg., on a 
very small pendulum, immediately after touching with the ball), a, =478. 

(2) On a point on the surface of the ball a,=275. 


(3) On a point inside the ball a,=0. 
(4) On a point on the unit of surface (1 sq. cm.) a,= 2782. 


* Lately Professor K. Noack has recommended (as being more suitable 
for the aluminium leaf) a loop made out of the bark of a dried reed. 
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Now this force of repulsion is by some authors called 
tension, whilst other physicists by tension understand the 
measure of work of the degree of electrification (potential). 
On account of the confusion in the name ¢ension, in reading 
works on electricity, care must always be taken in finding 
out in what sense the word is used. 

21. Soapstone (steatite) is a rather dense talc of fibrous Pages 13, 16, 
nature, easy to use, but becoming hard after heating. Of 
all bodies hitherto observed, it is the only one which always 
becomes negatively electrified after friction, «e., it is quite at 
the end of the electrostatic series. Dr P. Meutzner, rector 
of Annaberg, first drew attention to this (Zedtschr. f. phys. 
und chem. Unt., ii., 1889, p. 342). Before being heated the 
conductivity of steatite is remarkable. 

22. As unit of capacity we have that of a body which Page 159, 
requires 1 coulomb for a charge of 1 volt. This unit of 
capacity is called 1 Farad. For practical purposes it is 
too great, therefore the millionth part or 1 microfarad is 
used as practical unit of capacity. 

An air condenser has a capacity of 1 microfarad if the 
stratum of air is 1 mm. and the diameter of the plate=6 m. 

In order to have a capacity of 1 microfarad, an insulated 
ball would have to have a radius of 9 kilometres. 

The capacity of the sphere of the earth (r=6372 km.) is 
708 microfarads. 

Condensing plates (with mica as insulator) are used to 
determine the capacity of condensers; these possess a certain 
fraction of a microfarad. The multiplying power of the 
condenser determined by us only gives the ratio of the 
capacities (p. 72). 

23. By the employment of very strong electro-magnets, Page 169. 
Faraday in 1845 proved that all bodies exhibit magnetic 
properties, but not in the same way. While, for example, 
iron, nickel, cobalt, etc., are attracted by both poles of the 
magnet, with other bodies, such as antimony, bismuth, zinc, 
it is just the reverse—that is, they are repelled by both 
magnetic poles. The first group, of which tron is the repre- 
sentative, Faraday called paramagnetic, the others dia- 


magnetic. The line joining the two poles of a magnet is 
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called the magnetic axis, and a line drawn across the 
middle of the plane perpendicular to the axis is called the 
equator. If a paramagnetic rod is suspended between the 
pole-pieces of a strong electro-magnet, it takes up a position 
parallel to the magnetic axis, or axially—that is, parallel to 
the magnetic lines of force. A diamagnetic bar, on the 


Fig, 158.—Steady projection table. 


other hand, places itself equatorially—that is, perpendicular 
to the lines of force. Weber explained this by the hypothesis 
that molecular currents of unlike direction are induced in 
the diamagnetic bodies by the action of the magnets. A 
similar action takes place in dielectric bodies; in fact glass 
and other non-conductors are strongly diamagnetic. 

24. The projection table (fig. 158), apart from the question 


of cost, has another advantage over the projection lantern, 
398 | 


APPENDIX 


namely, that the apparatus to be projected stands quite clear 
and exposed to observation, so that the manipulation of the 
experimenter can easily be followed. The lamp-stand and 
the condenser may be raised either separately or together 
(p. 387). The plate on which the apparatus is set up has an 
adjustable extra plate and an opening of 50 mm. diameter, so 
that even taller objects, such as thermometers and burettes, 
can be placed on it and their images projected. This is 
especially useful with the new prismatic burettes of fused 
plate glass, divided into c.cm. As illuminant small electric 
lamps may be used, or the three-wick’d petroleum lamp, as 
given in the illustration. I myself have used electric incan- 
descent lamps of 50 candle power and 120 volts, silvered on 
one side (p. 387), though a threefold Nernst lamp of 240 
candle power has also given very good results, as has a very 
small hand-regulated arc lamp of 200 candle power with 
current regulator. Of course the lamp must be in a suitable 
case. Where there is plenty of room, the steady projection 
table (fig. 158) may be very advantageously used. The 
double slide allows the insertion of bodies longer than the 
lantern. 

95. The so-called “fundamental experiment” of Volta is Page 201. 
meant to prove that two plates of different metals, which by 
means of two insulated handles are brought into contact and 
again withdrawn from each other in a parallel direction, 
exhibit a difference of electric potential, which depends on 
the nature of the metal used and not upon the magnitude of 
the surfaces. The cause of this electrification “ by contact” 
of the different metal plates Volta called “electromotive 
force,” which formed his contact theory. When one zinc 
and one copper plate is used, the zinc shows positive elec- 
tricity and the copper negative, which signs are reversed at 
the protruding ends when the plates are immersed in un- 
acidulated water, but remain the same for the parts of 
the metals within the water. Metals and carbon may be 
arranged in a series, so that each metal, when in contact 
with the following one, is charged electro-positively, thus 
corresponding to the electrostatic series in frictional elec- 
tricity. 
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In this case Volta’s law holds good: the electromotive 
force between any two members of the series is equal to the 
sum of the electromotive forces of the intermediate combina- 
tions. For example: 

zinc zinc, tin | iron 
copper tin iron ' copper 


and 
zinc carbon zine 
carbon copper — cop per’ 


Since fluid conductors are not subject to the series law, 
Volta named metals and carbon “electromotors of the first 
class,” and the fluid conductors “electromotors of the second 
class.” This division is further justified by the fact that 
metals only are heated by the electric current, while, in the 
case of electromotors of the second class, a chemical decom- 
position, which we have considered as the cause of electro- 
motive force (see p. 200), takes place. Fluids which are not 
decomposed by the electric current, vaseline oil, alcohol, and 
even chemically pure water, do not conduct the current. 

26. In the case of the Bunsen cell, a solution of bichro- 
mate of potash is usually employed, which, on account of the 
setting free of chrome alum [KCr(SO,),, 12H,O], is very 
damaging. Much better is bichromate of soda, with which 


scarcely any chrome alum is set free. The following mixture, 


which it will be better to obtain from a chemist, has given 
good results:—100 parts by weight of water, 25 parts of 
crude sulphuric acid, 12 parts of bichromate of soda. To 
the solution thus prepared may be added a little sulphuric 
mercury or mercuric oxide, in the proportion of 3-4 grammes 
to 1 litre of fluid, by which the zinc plates will be kept 
amalgamated and bright. In another chromic acid solution 
much in use, 50 grammes of crystallized chromic acid are 
dissolved in 1 litre of water, and then 5 c.cm. sulphuric acid 


are slowly added, with mercuric oxide as above, 
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27. Lametta threads are those threads of beaten metal used Page 234. 
for decorating Christmas trees. The wavy kind is preferable. 
In the experiment (fig. 109) two or three rolled loosely to- 
gether may be used. Failing this, a small strip of exceedingly 
thin tinfoil may be used, 2-3 mm. broad and 50 em. long. 

28. I. The simple Ampére’s table or parallelogram here used Page 220. 
(fig. 98) requires a rather stronger current than the ordinary 
one employed, in which the solenoid rests on steel terminals 
in mercury cups, but the mercury must be very pure and the 
solenoid well balanced. This is done by altering the position 
of the mercury cup or by turning outwards the end of the rod 
carrying the silk thread. The silver points recommended 
by some instrument makers do not give at all good results. 

To give a solenoid with a single winding (R, fig. 98) an 
east-west direction, a current of 6-8 ampéres at 4 volts is 
required. The wire frame of ten turns takes its position with 
a current from a fresh immersion cell of 5-6 ampéres at 2 
volts. When needful, the action of the earth’s magnetism 
may be strengthened by inserting beneath the base (exactly 
under the mercury cup) a bar magnet, with its south-seeking 
pole turned to the north. 

II, This Ampére’s table may also be used as the model of Page 236. 

a tangent galvanometer, if a short magnetic needle (for ex- 
ample, B, fig. 110) is used, the length of which, from one bend 
to the other, is 20 mm. Then a copper wire ring (fastened 
in a groove), 35 mm. thick, diameter = 20-25 cm., is enough. 
If the ring is placed at a distance = } of its diameter (from the 
middle of the needle), then the tangents of the angle of deflec- 
tion (¢f. p. 312) are directly proportional to the strength of 
current independently of the length of the needle. This 
kind of tangent galvanometer was first proposed by Helmholtz 
and Gaugain. 

29. In the work: Essai théorique et expérimentale sur le gal- Page 230 
vanisme, par Jean Aldini, Paris, An. xii, mpccciv. (1804) 

[with the dedication: «A Bonaparte, citoyen, premier 
consul et président”), the following remark occurs: “M. 
Romanosi, physicien de Trente, qui a reconnu, que ie gal- 
vanisme faisait décliner l’aiguille aimantée.” (I am indebted 
for this notice to Professor Dr O. Chwolson, of St Petersburg.) 
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30. In Fleeming’s standard cell, which may also replace 
the small cell shown in fig. 92, the zinc plate dips into a 
solution of 55°5 parts of zinc sulphate in 44°5 parts of water 
(specific gravity =1'2 at 20° C.), and the copper plate into a 
solution of 16°5 parts of copper sulphate in 83°5 parts water 
(specific gravity=1-:1 at 20°C.). The zinc rod must be well 
amalgamated if it is not chemically pure. The glass vessel 
(fig. 113) may consist of one piece. But as ground glass 
stop-cocks are dear, the apparatus may be constructed of 
single parts, joined by rubber tubing, with ebonite stop- 
cocks or pinch-cocks. Only constant cells can be em- 
ployed for any experiments in measurement. In order 
that they may work as uniformly as possible during use, 
after setting up, they should work for about ten minutes 
in short circuit, 2.e. with the pole terminals connected by 
a short thick copper wire, so that a (certain) condition of 
equilibrium may be established in the interior of the cell. 

31. J. In our experiment (fig. 114) the galvanometer needle 
is under the influence of two directing forces: that of the 
earth and that of the bar magnet. ‘The first strives to im- 
part to the magnetic needle a north-and-south, the latter an 
east-and-west direction ; therefore it takes a middle direction 
(the resultant), The nearer the two magnets are pushed to 
the compass, the more its directing force overpowers that of 
the earth’s magnetism, that is to say, the angle which the 
galvanometer needle makes with the magnetic meridian 
erows continually greater. Since the bar magnets are 
strongly magnetized and fairly long (40 cm.), the middle 
part of their magnetic field, which is occupied by the galvano- 
meter needle, is homogeneous, 7.¢. the intensity is almost 
constant and the lines of force are parallel. Upon this 
depends, when the needle is not too long, the correctness 
of the method of graduation used by us (¢f. infra, LITL.). 

When graduating the galvanoscope, that intensity of current 
which gave a deflection a,=14° was taken as the arbitrary 
unit of intensity of current. It is recommended, for com- 
pleting the graduation scale, to represent the results of 
the graduation graphically, by transferring to paper ruled 


in square millimetres as horizontal abscisse at a distance 
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of 1 em. the current intensities 0,1, 2,3 ..., and as 
ordinates (vertical) the nwmber of degrees in: arc, which 
must be read off accurately to a tenth, when the points 
obtained may be joined into a curve. This curve, when 
the measurements are more exact, may be used as a means 
for the reduction of the scale of degrees to the graduated 
scale, and for inserting the fractions of the scale of degrees 
not observed (halves or tenths). Its course also furnishes 
a good criterion of the correctness of the measurement. 

IT. Professor E. Grimsehl has invented a tangent galvano- 
meter, with movable parts, very suitable for practical school 
graduation work (described in the Unterrichisblattern fir 
Math. u Naturw., vii. 1902, No. 5, pp. 104 sqg., and in the 
Phys, Zeitscht., 111. (1902), No. 20, pp. 462 sqq.). 

The author has kindly permitted me to repeat the de- 
scription of this instrument and the method of graduation 
used. 

The board (18 x 24 cm.) on which it stands (see next page) 
has in its centre a rod ‘of brass 12 cm. in height, at the top of 
which is a compass with short needle set on a base consisting 
of a mirror, while at right angles to the needle are the 
aluminium indicators. The indicators revolve on a scale 
divided into degrees. The base-board G is provided with two 
narrow side rails which serve as guides to the sledge of the 
circular conductor [R,]. In the middle of the stand of R, 
is a groove, so that the conductors may be placed in.any 
prescribed position. One of the circular conductors (R,) 
is single, the other (R,) double. Both have a radius of 
10 em. The binding screws of both are so placed that 
on the simultaneous connection of the two conductors 
the binding screws are on the same side. 

ITI, Graduation of the tangent galvanometer of E. Grim- Page 250. 
sehl by the method of multiplication. 

“Fig. 159 shows the arrangement in ‘diagram. The two 
poles of a constant source of electricity E, such as a single 
accumulator, are connected on the one side with one of 
the binding screws of a commutator, on the other side with 
the rheostat R. The other binding screw of the rheostat 


is connected with the second terminal of the commutator. 
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Between the two earthed terminals /, and k, of the com- 
mutator, the connecting screw k, is inserted. Now &, and 
k, are connected by means of a double conducting wire (2 
m. long), 8, with the terminals of the single circular 
conductor L,, and &, and k, by another double conducting 
wire S, with the terminals of the double circular conductor 
L,. By this arrangement a controllable current flows from 
the accumulator E and through the rheostat R through the 
conductors L, and L, in succession. The currents flowing 
through L, and L, may, therefore, be said to be exactly 


Fic. 159.—Grimsehl’s movable tangent galvanometer, + natural size. 


equal. If now L,, when traversed by the current, produces 
a certain magnetic action, then the conductor, when brought 
to this point, causes an action attributable to a double 
intensity of current; if both conductors L, and L, are placed 
at the same spot in the space, then the united action of the 
two conductors answers to the threefold intensity of current. 

“After the compass B has been set in the magnetic 
meridian, the single conductor must be placed round the 
compass, and you must close the circuit and put in it as much 
resistance as will cause a deflection of 6°. The same current 
traverses the double conductor at a distance of 3-4 metres 


(at the side), so that it exerts no influence upon the magnetic 
404 


Parag area emis 


APPENDIX 


rieedle. Now the conductor L is removed and L, put in its 
place, without, however, changing the position of R. Now 
a deviation of 11°5° follows, due to the double current action. 
Lastly, without changing in any way the current intensity, 
L, and L, are simultaneously placed round the compass, 
The threefold current intensity produces a deflection of 17°. 
Placed in tabular form, we have: 


Strength of Current. Deflection. 
1 6° 
2 11°5° 
3 198 


To check and to compare and correct errors the same 


Fie. 160.—Diagram of graduation process, 


experiments may be repeated, but with the reversed direction 
of current. 

“ Now let us perform another series of experiments. The 
single conductor is again placed round the compass and the 
double one removed. R is regulated so that the conductor 
L, produces a deflection of 11:5°. Now take it away and 
replace the double one (L,) with the same intensity of current; 
the deflection = 22°, and again both in position give 31°. 
Kvidently, in the second series, the current intensity must 
have been twice as great as before, hence the deflections 
11°5°, 22°, 31°, correspond to intensities of 2, 4, 6. These 
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results must be added to the table of those obtained before. 
A third series is begun by getting a deflection of 17° with 
the single conductor L,; throughout the whole circular con- 
ductor, therefore, there is an intensity 3, as obtained from the 
first series of experiments. The deviations given by L, alone, 
L,alone, and L,+L, are observed. The results are 17 Be ee Ee 
which imply current intensities of 3,6, 9. A fourth series 
begins with a deviation of 22°, single conductor, and following 
the same calculation as before, we get 22°, 38°5°, 48-2, and the 
corresponding intensities, 4, 8, 12. 
“ Proceeding thus, we get all the current intensities, which 
will be expressed by multiples of 1, 2, 3. 
“The following table contains, according to these calcula- 
tions, current intensities from 1-64, with their corresponding 
deflections. 
Current intensities— 

1 2 8 4 6 8 9 12 16 18 24 (27 32) SOte eee 
Deflections— 

6° 11°5° 17° 22° 31° 38°2° 42° 50° 58° 61° 67°5° 69°5° 73° 74°5° 78° 79°5° 81° 

“The results of these observations are used for the con- 
struction of a curve, in which the deviations are the abscissa 
and the corresponding strengths of current are the ordinates. 
The values observed give points sufficiently near to deter- 
mine the curves with the greatest accuracy. 

“Tt is worthy of remark how exactly the curves drawn in 
this empirical manner coincide with the calculated tangent 
curve. The choice of the first angle of 6° is founded on the 
fact that tan 6°=0°1 (nearly) :—but of course any other first 
value may be taken. 

“The curve drawn may be used to read directly the 
intensity of an unknown current which exhibits a known 
angle of deflection. If it is required to express the current 
intensities in ampéres (for example), instead of on the arbi- 
trarily chosen scale, it is only necessary to obtain the factor 
of reduction by comparison with known intensities, if it is 


not desired to find it by means of the formula wt In the 


present case the reduction factor for H=0:2, »=10cm., and 
R=3'18.” 
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This elegant method of graduation has the advantage over 
the other one used by us (p. 248) that the magnetic field 
generated by the earth magnetism remains unchanged, 
while, in the other case, the moving of the magnet causes 
a change in the intensity of the field. 

Comparative experiments have proved that, with sufficient 
care, a galvanometer for class use may be graduated by 
means of bar magnets; but Grimsehl’s method is more 
accurate, though not adaptable to every compass. 

32, The six-fold manometer (fig. 127) is a modification of Page 283. 
Looser’s eight-fold instrument, which was specially con- 
structed for the demonstration of heat conduction in metal 
rods (see Looser’s Huperiments in Heat, etc., by the Use of the 
Double Thermoscope. Rob. Miller, Essen-Ruhr). 

The instrument (fig. 127) can be employed for various 
experiments, and in this case, for example, is suitable for 
comparing the resistances of metal wires. The resistances of 
wires of the same material and equal length, but of different 
sectional area, or of the same sectional area, but of unequal 
lengths, may be compared in a very clear manner. By its 
means also Joule’s law may be proved [see Guide to Thirty of 
the most Important School Experiments with Differential and 
Double Thermoscope and the sia-fold Manometer. Max Kohl 
(Chemnitz) and Ferdinand Ernecke (Berlin) 1903]. 

33. The solenoid galvanometer (figs. 130 and 131). Only Page 289. 
during the last ten years has this instrument been put into 
the list of ordinary school apparatus, and now it has quite 
superseded the magnetic needle galvanometer. The fixed 
cylinder of soft iron (¢, fig. 131) inside the solenoid coil 
concentrates the magnetic lines of force (p. 366), and so the 
deflecting action of the magnet on the solenoid traversed by 
the current is much strengthened. 

The construction described here is taken from one of the 
four or five types which have come under my notice, and 
which I consider best for school purposes, as the plug is 
only required when the apparatus is used as amperemeter ; 
otherwise turning the handle is sufficient. The firm of 
Keiser and Schmidt (of Berlin) have fitted their new 


machines with a contrivance by which the cover can be 
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taken off and set on again instantaneously. The apparatus 
has a double-jointed indicator, so that the red arrow (with 
white index) is in the plane of the scale, by which means 
when it (the apparatus) is placed sideways parallax is 
avoided. In class experiments this is very important and 
in other apparatus of this kind can scarcely be attained. 
The apparatus is rather delicate, and care must be taken 
when putting on the glass case not to knock the axis or the 
solenoid spring. 

A little stronger (because they have a continuous axis), and 
at least as sensitive, are the solenoids with peg-commutator, 
as made by other firms; but, as a rule, in most of these the 
indicator is fitted in front of an opaque scale, and hence is 
only visible from the front, or there is another indicator 
behind. 

In all these galvanometers, any range of measurement 
(vide p. 292) may be affixed, according to needs. Many firms 
also supply solenoid galvanometers having a very small coil 
resistance for thermo-electric currents, i.e. for measuring 
resistance according to the zero method (p. 295). These 
instruments have no shunt and are only fitted with extra 
sliding resistances for use as voltmeters, 

34. The electric incandescent lamp was invented (1855) 
by Henry Gobel, a Hanoverian, who emigrated to New 
York. Gobel was engaged by the company founded to work 
Edison’s inventions (1881), and since that time the so-called 
Edison’s incandescent lamp has appeared on the market. 
That now universally used is provided with a screw socket,1 
which can be quickly put on and taken off, and affords a 
very effective contact. 

35, The oxyhydrogen and hydrogen voltameters (fig. 134) 
have this advantage over those usually used, namely, that—on 
account of the proximity of the electrodes—the resistance 
is very small or about ten or twelve times less than in the 
original apparatus of Hoffmann; hence more gas is set free in 
the same time. Also, by removing the rubber stopper, the in 
terior of the glass tubes can be easily cleaned. The glass balls 
at the top entirely prevent the acid from spurting out. By 

1 In England, one Vos bayonet catch.—Ed. 
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connecting a rubber tube to the small pipes in the balls, the 
gases may be intercepted as they are generated. 

The firm of Max Kohl (of Chemnitz) in their latest 
apparatus have narrowed the lower part of the tubes, so that 
they can be more firmly fixed to the stand. Although by 
this contrivance the pressure of gravity on the rubber 
stopper has been much lessened, it is advisable to support it 
underneath by means of a piece of metal of the form given 
(SP, fig. 134), 

To empty the apparatus it is only necessary to remove the 
funnel from the ring, and then let the liquid run out into a 
vessel held underneath while the cocks are opened. It is 
better to rinse the tubes with water three or four times after 
use, and when no# in use the rubber stoppers should be taken 
out, and wrapped up in waxed paper, or at least put in very 
loosely, as in time the rubber sticks to the glass. 

Should the tubes become very dirty, they can be cleaned 
by using a long thin rod of wood or whalebone, one end of 
which is wrapped round with soft linen. This should be 
steeped in spirit and carefully pushed up and down the tubes. 
If this is not sufficient, nitric acid should be used, followed 
by water. 

36. If, in our demonstration galvanometer (c/,. fig. 112), a Page 311. 
constant current of sufficient strength is led through the 
ring when it is in a vertical position so as to produce a 
divergence of more than 45°, then, by lowering the ring, a 
divergence of 45° may always be attained. In these con- 
ditions the apparatus is most sensitive. With ordinary 
compasses the angle can only be read up to 1 degree; in 
others, with a large circle, up to jy. 

For smaller angles, this makes an appreciable fraction of 
the angle of deflection ; whereby (taking 25° as equivalent to 
5°) the falling off in the intensity of the current may amount 
to 1°, which corresponds to 4°. 

On the other hand, with greater angles—such as those 
above 60°—the tangents change very quickly (that is, the 
degrees on the scale become much smaller), for which reason 
the errors in reading again have a great influence on the 


result. Hence a divergence of 45° is always aimed at, as 
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in this case the influence of the error is the least trouble- 
some. Our galvanometer rotates on its stand, hence, when 
a certain deflection is occasioned by a current, the compass 
can be turned according to the needle, until i 7s again on 
the zero point. In this case the current intensity is pro- 
portional to the sine of the torsion angle (6) of the compass 
(J =x’ sin 6, where «’ is a constant factor). For a measure- 
ment such as this the instrument is first set, so that the 
indicator of the magnet needle at rest and the fixed sight 
(V, fig. 37) are exactly at 0. As the fixed sight does not turn 
with the compass, the degree on the graduation scale of 
the torsion angle may be read. This galvanometer is, 
therefore, also a sine galvanometer. The manipulation of it, 
on account of the turning, takes up more time than in the 
case of the tangent galvanometer, but the length of the 
needle has no falsifying influence on the result, because, 
when the reading is taken, the needle again lies in the 
plane of the ring. Therefore the sine galvanometer, in- 
vented by Pouillet in 1837—before the solenoid galvanometer 
was known—was preferred for the more accurate measuring 
of weaker currents. We have made use of the graduated 
galvanometer in order to perform our experiments quickly, 
and not to be delayed by calculations. The indications on 
this instrument of the current intensity are directly pro- 
portional (J =k x A where A signifies the number of degrees 
on the graduation scale). Of course the accuracy of the 
measurements depends on the trustworthiness of the gradua- 
tion scale. 

37. Schilling’s priority of claim with regard to the in- 
vention of the magneto-electric telegraph, was recognised 
by Munke (in Gehler’s Worterbuch, 1838, ix.). Recently 
also by Zetzsche (Geschichte der Telegraphie, Berlin, 1877, 
p. 66), Netoliczka (Jllustrierte Geschichte der Elektrizitdt, 
Wien, 1886, pp. 174-176). Curiously enough, German text- 
books have taken no notice of this. 

38. The proof of the induction current caused by moving 
a conductor in a magnetic field (fig. 146) was described 
by E. Grimsehl (Programm der Cuxhaven Realschule, 1893), 
and later by Szymanski (Postes Zeischr., vii. (1903, I.), p. 10). 
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Fig. 145, together with the easier way of arranging the 
experiment, has been borrowed from Szymanski; but, as 
comparative experiments proved, Grimsehl’s experiment is 
preferable, although it demands special subsidiary apparatus. 

39. Alternating currents show properties which distinguish 
them from the ordinary or intermittent direct currents. 
They cannot be measured either by the galvanometer or by 
the voltameter of the usual construction, for the current 
impacts following in quick succession and opposite direction 
are without action on these, and particular apparatus are 
necessary to measure them, which we cannot go into. 
Also with them self-induction in a conductor, especially if 1t 
is wound in coils, is so considerable, that the resistance of a 
wire coil may be greater than that of a short air-space in a 
straight conductor. The resistance of a conductor for 
alternating currents is therefore essentially influenced by 
its shape (this is not so in the case of direct currents). 
Hence Ohm’s law does not hold good for alternating 
currents. In direct currents the efficiency of equal wires 
of the same material is proportional to the surface of 
the cross-section. But this is not the case in alternating 
currents of higher frequency: it appears rather as if they 
did not flow through the interior of the wire, but, figura- 
tively speaking, along its surface. Alternating currents of 
magneto-electric machines, or indeed those of dynamos con- 
structed for an alternating current, are conspicuous for their 
intense physiological action, and if passed through the body 
may cause death. The experiments of Tesla, according 
to which currents of very high frequency (to 300,000 per 
second) and great electromotive force (60,000 volts and 
more) may be passed through the human body without 
any inconvenience being felt, seem to negative this. In 
1893 these experiments were carried out and confirmed by 
Professor Iegorow at the Military Academy, before a large 
audience. As you know, waves of light of different length 
stream forth from a glowing body. Our eye only per- 
ceives those which make 400 to 800 billion undulations 
per second. We can, therefore, imagine that our nerves 


are only tuned to contain comparatively slow oscillations, 
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and hence cannot be excited by the stupendous velocity of 
Tesla’s currents. 
Page 383. 40. Wave length of the ether waves (fig. 156). 


Limit oF ParticuLaAR Reeions, By Proressor Dr P. LEBEDEFF 


oF Moscow. 
A. Forced electric oscillations— 
Weber’s earth inductor . : : ; . a>300,000 km. 
Pixii’s magneto-electric machine (1837) . . A= 15,000 ,, 


Alternating dynamo (50 periods per sec.) . A= 6,000 ,, 

" » (102,000 periods per sec., 

Duddell (1905)) : : : ; ; Ae hie 
B. Spontaneous electric oscillations in metal wires— 


1. Feddersen’s oscillations— 
Lodge (1888) . : : : 4 . A= 600 km. 


Feddersen (1861) : 
Décombre (1898) ; : ~ Az 0:06 ,, 


2. Spark telegraphy— 
Marconi (1901). ; ; . NEO eee 


Demonstration apparatus . ; ; . xe ie 


3. Hertzian waves in wires— 
Trowbridge and Danne (1895) . 
Hertz(1887) . : ‘ : 
Marx (1898) 


4, Hertz rays— 
Hertz (1889). ; ‘ : : ,. 
Lebedeff (1895). : aide 


C. Molecular oscillations— 


1. Visible spectrum— 
Red light . - : 5 : : . A=0°76 pu. 
Violet light . ; : : : . A=0°38 p. 


2. Photographic waves— 
Abney (1887) . ‘ 
Schumann (1892). ‘ ; ; oe 


3. Heat waves— 


Rubens (1898) . . A=61 pg, 

Pfliiger (1902) ° A= OF bh. 
Unknown interval . : : : . A=3 mm.-61 
Beginning of the unexplored region - A=0'l p» (100 py) 
Diameter of molecules of bodies ‘ ~ A=] pp 

: negative electrons ri ye . 7=10-% cae 
10-6 uu. 


(hence twenty octaves above the molecules of bodies). 
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41. New Rays, Radiwm Rays, Emanation.—When Crookes, Page 384. 
more than thirty years ago, was pursuing his researches with 
regard to the electric discharge in Geissler’s tubes (p. 351), 
by exhausting the tubes more and more, he remarked 
that the “dark space” surrounding the cathode stretched 
continually further, and at last—when the tubes were almost 
empty of air—filled the whole tube. At the same time a new 
phenomenon appeared: rays streamed out of the cathode, 
perpendicular to the diameter of the tube, which caused the 
walls opposite to burst out in a bright fluorescence, and 
enabled him to cast the shadow of small metal plates on the 
opposite wall of the fluorescing glass tube, and to put in 
rotation little wheels of mica. 

For twenty years these phenomena were known, but it 
was not until 1895 that Rontgen accidentally made the 
discovery that the glass wall struck by these cathode rays, 
or, better, a plate of heavy metal (platinum, iridium, or 
uranium), placed in the path of the cathode rays, generate 
the “ anti-cathode,” a new kind of rays. 

These Réntgen or X rays are able to pierce the glass 
walls and to put certain bodies, like platino-cyanide ot 
barium, in a state of fluorescence (see p. 352). 

Crookes ascribed the phenomena observed by him to a fourth 
state of aggregation occasioned by the high vacuum, which 
he called the ultra-gaseous or radiant state of matter. The 
rays, he said, were caused by the emission of the smallest 
electrically charged particles, the so-called corpuscles and 
electrons (see p. 55), which acquire an enormous velocity 
in the electric field. The fact that a magnet can cause the 
deflection of these cathode rays substantiates this view, as 
ether waves cannot be deflected. 

Crookes’ theory remained unnoticed until recently, for dis- 
coveries have now been made which in the main confirm it. 

After the discovery of the X-rays, Poincaré supposed that 
the fluorescing bodies had in themselves the power of emit- 
ting these rays. To prove this, Henri Becquerel in 1896 
performed experiments and found that certain bodies, which 
he called “radio-active”—as especially pitchblende—send 


forth continuously a new kind of rays in some sort analogous ‘ 
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to the continuous electric molecular current of the magnets 
(see p. 231). 

Madame Curie succeeded, after a very tedious series of 
experiments, in isolating the radio-active components of 
pitchblende and in liberating, in combination with chlorine 
or bromine, the new elements known as polonium, actinium, 
and the still more active radium. ‘These metals have not 
yet been observed in an uncombined state. As yet only 
radium—as a chloride or bromide—has been obtained in 
sufficient quantities for examination, and the price is very 
high, For example, 1 mg. of radium bromide costs nearly 
£3; therefore 1 kg. of salt of radium (if it could be got) 
would come to nearly three million pounds. 

Radium rays show in some respects the same qualities as 
the X-rays, that is to say, they cause screens covered with 
platino-cyanide of barium or zine sulphide to fluoresce (as is 
elegantly shown in Crookes’ spinthariscope); they act upon 
photographic plates and they ionize the air (see p. 353). 
These are so far the only means of detecting the radio- 
activity of bodies. 

Later experiments have shown that there are three 
different kinds of radium rays, known as the a- §- and 
y rays. 

The a-rays have a very weak penetrative force, 2.¢. they 
are entirely absorbed by a sheet of paper or layer of air a 
few centimetres thick; they are also very slightly deflected 
in a magnetic field, and in the opposite direction to the 
cathode rays. Probably the a-rays are formed of positively 
charged corpuscles, since the cathode rays consist of negative 
ones. 

The G-rays have a very great penetrative force, are easily 
deflected in the magnetic field and in the same direction as 
the cathode rays. They act very strongly also on photo- 
graphic plates. 

The y-rays have the greatest penetrative force of the three, 
and are not at all deflected by the magnet.! 


1 The peculiarities of these three classes of rays have been, since 
this was written, exhaustively studied by Professor Rutherford (see 
his Radio-activity, 2nd ed., or his Radio-active Transformations). The 
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Since the ether waves are not deflected by the magnet, we 
must accept the hypothesis that in this case (in the 
cathode as well as the a- and @-rays) we have to do with 
a radiation of the smallest material particles (corpuscles or 
electrons), and we may therefore distinguish two kinds of 
radiations: (1) radiations caused by the oscillations in the 
ether; (2) radiations caused by the emission of material 
corpuscles. 

Thus Newton’s emission theory has again come to the 
front. On the nature of the X-rays (and the y-rays of 
radium) the opinion of men of science is still divided,* though 
most of them hold by the emission theory. 

“Tt is curious that the first wave form of radiation known 
was initially considered to be due to an emission of corpuscles, 
and that the first type of the latter class of radiation was 
conversely mistaken for a peculiar kind of wave radiation ” 
(Soddy, op. cit., pp. 13-14). 

It was also very surprising to discover that radium com- 
pounds give rise to a radio-active gaseous substance called 
the “Emanation,” which has the power of imparting a 
temporary radio-activity to other bodies, and so saturating 
them that they show a greater intensity of radiation than the 
emanation itself. To this it may be possible that the radio- 
activity of the crust of the earth and that of old springs is 
to be attributed. 

Since all five radio-active elements (uranium, thorium, 
polonium, actinium, and radium) possess a very high atomic 
weight, we can imagine that their atomic bodies are very great 


velocity of the particles of which the A-rays consist, in some cases 
approach that of 2 or 300,000 kilometres a second ; that of the particles 
of the a-rays about +}, of this. The y-rays are to all appearance equivalent 
to the Réntgen or X rays. Yet it seems to be proved that the a-rays 
are not all of the same velocity, and are deflectable in a magnetic field 
in differing degrees.— Ed. 

1 Professor Soddy says in his recent work (Radio-activity, London, 
1904), p. 8:—“The X-rays like light are ether waves, and the 
difference seems to be that in the lower the disturbances are of the 
nature of sudden pulses very rapidly dying away, whereas in light there 
is a regular recession of undulations of the same kind. This, together 
with these probably extremely short wave-lengths, would account for the 
fact that the X-rays have not been reflected or refracted or polarized, 
although in their nature they so closely resemble light rays” (¢f. p. 384). 
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in comparison with the other elements, that is, that they © 
consist of a very great number of primary atoms. By the 
splitting up of these mighty atoms into less compact 
atomic bodies, on the one hand, single corpuscles (electrons) 
must be flung off like a bomb, with enormous velocity, and 
on the other hand, new bodies formed. 

In 1903 Sir William Ramsay discovered that the emana- 
tion of radium was changed, after a certain time, into 
helium, and this was afterwards confirmed by Prof. Soddy 
and Madame Curie. 

We started with the discovery of the cathode rays by 
Crookes, and may close with the words of this long un- 
appreciated genius, pronounced by him thirty years ago :— 

“Here we appear at last to have beneath our hands and 
within the reach of examination the small indivisible 
particles which we may suppose to form the physical founda- 
tion of the world. We have actually touched upon the 
boundary line where matter and force seem to. envelop 
each other, the realm of shades between the known and 
the unknown. Here, it seems, are laid the final realities.” 
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a-Rays, 414. 
Abney, 412. 
Accumulator, 325. 
disadvantages of, 326. 
Actinium, 414, 415. 
Action at a distance, 375. 
Ader, 370, 
Aipinus single-fluid theory, 53. 
Aggregation, Crooke’s fourth state 
of, 413. 
Air, as dielectric, 92. 
rendered conductive by X-rays, 
353, 414. 
condenser, 89, 397. 
Alcohol as dielectric, 400, 
Aldini, 401. 
Alloys, conductivity of, 280. 
extraction of metals from, 364. 
Alternating current, 363, 364, 
411, 
wave length of, 412, 
Aluminium, extraction of, 364. 
resistance of, 364, 
leaf in electroscope, 385. 
to replace in electrometer, 
395. 
Amalgam, 3. 
Amalgamated leather, 96, 389. 
Amber, attraction of, 1, 
Amptre, 225, 230, 285, 305, 310, 
339. 
unit of current, 309. 
parallelogram of, 220, 401. 
Swimming rule of, 230. 
Antenna, 378. 


Anti-kathode, 352, 413. 

Antimony, resistance of, 279. 
in thermo-electric cell, 328. 
diamagnetic, 397. 

Aquamotive force, 179, 260. 

Arc: see “ Electric,” 

Arc lamps, 363. 

Armature of magnet, 227. 
best shape of for dynamo, 355. 
various windings of, 360. 

Atmospheric electricity, 126. 

Atoms, electric, 55. 
material, 172. 
primary, 416. 

Axis, magnetic, 398, 


f-Rays, 414. 
Barium platinocyanide, 352, 413. 
Battery, best combination of cells 
in, 271, 
of cells, 206. 
Leyden jars, 117. 
Becquerel’s rays, 413. 
Bells, electric, 350. 
Benardos, 363. 
Bennet’s electroscope, 385. 
Bichromate of potash as electro- 
lyte, 198, 209. 
of soda as electrolyte, 202, 400. 
Bifilar suspension, 240. 
Bismuth, diamagnetic, 397. 
in thermo-cell, 328. 
resistance, 279. 
Blasting of rocks, 300. 
Blue rays, 363. 
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Bodies charged and uncharged, 
yl 

Bollcher’s silvering solution, 394. 

Bolometer, 382. 

Bonaparte, 401. 

Bone half-conductor, 7. 

Borgmann, 56. 

Bornstein, 279. 

Bosschard, 368. 

Bousfield, G. P., 210. 

Branch conductors, 287. 
currents, 291. 

Brass wire, resistance of, 282. 

Braun, 117. 

Braun’s electrometer, 185. 

Bridge resistance, 288. 

Bromine, 414. 

Brugsch, 391. 

Brush discharge, 113. 

Buff’s experiment, 192. 

Bunsen’s cell, 203, 208, 400. 

Burette, prismatic, 399. 


y-Rays, 414. 
Cadmium alloys, conductivity of, 
280. 

Calibration constant, 311. 

Canton’s electroscope, 385. 

Capacity, 72, 98. 
defined, 141. 
of air condenser, 89. 
in hydrostatics, 135. 
laws of, in same, 136. 

for plate condenser, 91. 
measure of, 159, 160. 
measurer, 86. 
of spheres, 88, 147. 
unit of, 397. 
of water drop, 130. 

Carbon, 173, 204, 209, 400. 
filaments, resistance of, 280. 
rods for arc lamps, 363. 

Carbonic acid as_ dielectric, 

92. 

Cathode rays, 413, 414. 

Cells, various forms of, 209. 
constant, for measurements, 

402. 


Cells, Fleeming’s standard, 402. 
Chain of persons, 80. 
of cells, 206. 
Chamonton, 79. 
Charcoal in microphone, 370. 
gas, 203. ae 
Charge by contact only influence, 
66. 
effect of, on repulsion, 61. 
transmission of, 27, 
maximum, 30. 
residual, 84. 
similar and dissimilar, 17. 
Chlorine, 414. 
Chrome alum, 400. 
Chromic acid, 203, 400. 
Chwolson, 318, 373, 402. 
Clerk-Maxwell, 376, 384. 
Clouds, storm, 129. 
Cobalt, 169. 
paramagnetic, 397. 
Coherer, 378. 
Coke, 209. 
resistance of, 279. 
Coldani, 200. 
Collectors (in Gramme arma- 
tures), 359. 
see “ Water.” 
Collodion, 30. 
Combs, collecting, 105. 
Commutator, 217, 359. 
Compound winding, 362, 
Condenser, 387. 
air, 89, 387. 
for induction coil, 350. 
limit of charge on, 73. 
normal, 74. 
plate, 68, 397. 
theory of, 72. 
Conductivities, table of, 279. 
Conductivity, 8. 
and heat, 280. 
and potential, 189. 
specific, 276. 
Conductors, 9, 58, 378. 
conical, 30. 
current, 177. 
fluid, 400. 
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Conductors, influence of section 
on current, 187. 
lightning : see “ Lightning con- 
ductors.” 
moving, in magnetic field, 336. 
secondary, 107, 116. 
service, 360. 
work of earthed, 161. 
Corstantan, resistance of, 279. 
Contact electricity, 202, 399. 
theory, 201. 
Copal varnish, 81. 
Copper, 198, 209, 246, 310, 328, 
399, 400, 402. 
deposition of, 306, 310, 313,314. 
oxidized, 211. 
plates, printing with, 315, 
resistance of, 279, 292. 
sulphate, 306. 
voltameter, 305. 
Corpuscles, 413, 415. 
Correlation of physical sciences, 
374, 416. 
Coulomb unit of quantity, 150, 
310. 
law of, 63, 160. 
torsion balance of, 387, 
Cramp from discharge, 80, 
Crookes, 413, 416. 
spinthariscope of, 414. 
dark space of, 413. 
Cunaus, 78. 
Cupron, 210, 252. 
Curie, Madame, 414, 416. 
Current, alternating, 363. 
at break, 334. 
-breaker, Wehnelt’s electrolyte, 
351, 
chemical effects of, 301. 
theory of, 199, 
dampers, 325, 
electric, 178: see ‘‘ Electric.” 
directive force of, 220, 233. 


Damping of oscillations of needle, 


Daniell’s cell, 202, 207, 214. 
voltage of, 208, 309. 


d’Arsonval, 239, 

Declination of magnetic needle, 
170. 

Décombre, 412. 

Decomposition of water, mini- 
mum H.M.F. for, 324, 

Deflection of magnet by current, 

9 


of rays, 415. 
Degree of electrification, 37, 87, 
133, 390. 
dependent on capacity, 144. 
inversely proportional to dis- 
tance, 122. 
practical measure of, 158. 
similar, 139. 
of storm-clouds, 130. 
De la Rive, 200, 313, 314. 
De la Rue, Warren,. 130. 
Demagnetization, 174, 227. 
Density: see “ Electric density.” / 
Deposition of copper, 306, 314. 
lead, 325, 
zinc, 314, 
Deviation, horizontal, of magnetic 
needle, 170. 
Diamagnetism, 397. 
Diamonds, 352. 
Dielectric, 92, 375. 
bodies, 398. 
constant, 91. 
strength, determination of, 388. 
Differential thermometer, 330. 
Direction of lines of force, 343, 
Discharge of electric conductor, 
20, 42. 
the frictional machine, 107. 
by X-rays, 353. 
by tongs, 79. 
Distance, effect of, on electric 
repulsion, 62. 
effect of, on influence, 92. 
Distribution of electricity, 26, 
33. 
in relation to capacity, 147. 
Divisch, Prokop, 391. 
Divisch’s experiment, 100. 
Doliwo-Dobrowolsky, 365. 
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Drum - inductor (Hefner - Alte- 
neck’s), 360. 

Dualistic theory, 53, 178. 
Dubois-Reymond, 384. 
Dubrowsky, K. W., 102. 
Duddell, 412. 
Dufay, 14. 
Diimichen, 391. 
Dynamo, 354. 

alternating, waves of, 412, 
Dyne, 148, 392. 


144 
Earth as electrified sphere, 129. 
large magnet, 233. 
return conductor, 319. 
zero level of potential, 393. 
Earth’s crust, radio- activity of, 
415. 
Ebonite, 4, 6, 81, 389. 
as dielectric, 92. 
Edges, sharp, in conductors, 42. 
Edison, 408. 
Egyptian monuments, 131, 391. 
Electric arc, heat of, 364. 
attraction and repulsion, 3, 6. 
bells, 350. 
bodies (and non-electric), 7. 
current, 178, 200. 
deflecting action of, on 
magnets, 229. 
direction of, 187. 
effect of, on surroundings, 
218. 
greatest intensity of, ob- 
tainable by grouping, 273. 
laws of, 187. 
laws of attraction and re- 
pulsion of, 220, O31. 
origin of, 197. 
transformation of, 349. 
density, 25, 34, 39, 40, 85, 133. 
energy, 200. 
transmission of, 364. 
equilibrium, 118, 128. 
field, 121, 154. 
furnace, 364. 
gradient, 124. 
hypotheses, 52, 


Electric lighting, 362. & 
lines of force, 57, 124, 391. 
machine, frictional, 96. 
charging of, 106. 
needle, 14. 
pendulum, 4, 7, 60. 
potential: see ‘ Potential.” 
repulsion, measure of, 160. 
as measure of quantity, 
147. 
resonance, 378. . 
sparks, 3, 85, 97, 108, 112, 
349, 389. 
duration of, 115. 
telegraph, 316. 
waves, 377. 
wind, 41. 
Electrical susceptibility, 6. 
Electricity, atmospheric, 126. 
bound, 48, 90, 109, 387. 
chemical effects of, 301. 
contact, 202. 
dynamical effects of, 301. 
and energy, 111. 
equal quantities of, 39. 
free, 44, 47, 70, 82. 
and gravitation compared, 393. 
and heat, analogy of, 54. 
high tension, 111. 
and magnetism compared, 174. 
neutralization of, 18. 
origin of name, 2, 385. » 
physiological effects of, 80, 
117, 131, 200, 347, 351, 
364, 391, 411. 
seat of, 20. 
sources of, 75, 89, 111, 192, 
335. 
static and dynamic, 176, 
two kinds of, 13, 17, 20, 118, 
391. 
unlimited supply of, 51. 
a wave movement, 54, 384. 
and work, mutual converti- 
bility of, 119. 
Electrification, 10. 
degree of, 37 (and see “ De- 
gree’). 
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Electricity, by metals in contact 


with fluids, 192. 
and work, 155. 
Electro - chemical 
310. 
telegraph, 317. 
Electro-deposition, 313. 
Electrodes, 195. 
Electrolysis, 55, 
of sulphuric acid, 303. 
of water, 301, 305. 
Electro-magnetic induction, 333, 
337. 
telegraph, 317. 
Klectro-magnets, 227. 
Electro-metallurgy, 313. 
Electrometer, 393, 394. 
aluminium, 28, 192, 385. 
atmospheric, 127. 
comparison with galvanometer, 


equivalents, 


discharging, 394, 

graduation of, 30, 76. 

how to charge, 49. 

to increase sensitiveness of, 
75. 

as measurer of potential, 159. 

pendulum, 60. 

precautions in using, 50. 

volt scale of, 309. 


Electromotive force (E.M.F.), 
184, 189, 200, 257, 309, 
399, 


direct measurement of, 293. 
and nature of conductor, 262. 
of polarization, 324. 

and resistance, 265. 

of some constant elements, 

ul: 

Synonymous with tension, 362. 
Electromotive series, 16, 397. 
Electromotors, 364. 

of first and second class, 400. 
Electron, 2, 55, 415. 
Electrons, .theory of, 

130. 

diameter of negative, 412. 

Electrophorus, 81, 108. 


24, 56, 


Electroscope, 7, 10, 33, 177, 
analogy of, to thermoscope, 27. 
earliest, 385. 

Electrostatic tension series: see 

‘“‘Klectromotive series.” 

Electrostatics and _ electrody- 

namics, difference of, 186. 

Electrotypy, 313. 

Electrum, 385. 

Element, voltaic, 195. 

Emanation, 413. 

Kmery paper, 81. 

Emission, of corpuscles, 415. 
theory, Newton’s, 415. 

Energy, accumulations of electric, 

326. 
chemical, 200. 
and electricity, 111, 341. 
of electrified body, 161. 
loss of, 364, 370. 
of stream of water, 259. 
transformation of, 370. 
transmission of electric, 364. 

Equator of a magnet, 398. 

Equilibrium, electric, 118, 128. 

Equipotential surface, 122, 129, 

154, 390. 
Erg, 158. 
Ernecke, Ferdinand, 407. 


/ Ether, 54. 


a necessary hypothesis, 375. 

waves, measurement of, 381. 
Exner, 128, 201, 385. 
Explosion of mines, 300. 
Extra current, 347. 


Farad, 397. 
Faraday, 38, 39, 92, 200, 333, 
343, 347, 353, 375, 384, 
397. 
Faraday’s fundamental experi- 
ment, 333. 
swimming rule, 343. 
Faure, 325. 
Feddersen, 383. 
oscillations discovered bys 412. 
Field, electric, 121. 
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Field-magnet, 359. 
magnetic, 335, 353, 362. 
Flame, as discharger of elec- 
tricity, 21, 42, 107, 122, 
128, 388. 
Fleeming’s cell, 245, 402. 
Fleming, Professor, 56, 343. 
Flexion, point of, 23. 
Fluid conductors, 400. 
Fluids, resistance of, 262. 
Fluorescence, 352, 413. 
Force, lines of: see “ Lines, mag- 
netic and electric.” 
ultimate nature of, 416. 
Formaldehyde, 314. 
Fournier d’Albe (electron theory), 
56 


Franklin, 101, 115. 
Franklin’s electroscope, 385. 


plate, 78. 
researches on thunderstorms, 
129,-391, 


single fluid theory, 53. 
Franz, Father, 101. 
Furnaces, electric, 364. 
Fusing of bell metal by electric 
arc, 363. 


Galvani, 200. 
Galvanometer, 
245. 
dead-beat, 345, 379. 
sensitive, 288. 
sine, 410. 
solenoid, 239, 289, 407. 
tangent, 313, 401, 409. 
Galvanometric action, 308. 
Galvanoplasty, 314. 
Galvanoscope, 237. 
calibration of, 247, 402. 
Galvanotype, 314, 315. 
Gas voltameter, 301. 
Gaseous fluid theory, 52. 
Gases, influence of surrounding, 
on charge of metal plates 
in contact, 201. 
Gaugain, 401. 
Gauss, 317. 


calibration of, 


Gauze wire, 21, 22, 37, 58, 386, 
394, 
Gee, Haldane, 393. 
Geissler’s tubes, 351, 413. 
Gelatine, 210. 
bichromated, 314. 
German silver, resistance of, 279, 
282. 
Geschoser, 379. 
Gilbert, 7, 10, 385. 
Glass, diamagnetic, 228, 398. 
as dielectric, 92. 
as insulator, 10, 85, 389. 
rod, 17. 
Gobel, 408. 
Gold, 328, 400. 
leaf for electroscopes, 385. 
resistance of, 279. 
Gradient, electric, 124. — 
Graduation of galvanometer, 248, 
402. 
galvanoscope, 247, 402. 
(Grimsehl’s), 403. 
Graham Bell’s telephone, 366. 
Gramme, 359. 
Gramme’s ring, 360. 
Graphite, 400. 
Gravity, force of, 147, 392, 393. 
Greeks, early researches of, 2. 
Grenet’s cell, 209. 
Grimsehl’s (Prof. E.) tangent 
galvanometer, 403. 
induction current experiment, 
342, 410. 
Grouping of cells, 205, 271. 
Grove’s cell, 209. 
Guard cage, 59. 


Half conductors, 10. 
Hand rule for currents, 230, 244, 
343. 
Heat, 119. 
of electric arc, 364. 
and electricity, analogy of, 54. _ 
connection of, 373, 383. 
effect of, on resistance, 279. 
effect of, on magnet, 174. 
waves, 412. 
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Hefner-Alteneck’s drum inductor, 
358, 
Helium, 416. 
Helmholtz, 383, 401. 
Hertz, Professor Heinrich, 117, 
376. 
Hertzian rays, 412. 
waves, 383, 412. 
High-frequency currents, 411. 
High-tension machines, 390. 
Hoffmann, 408. 
Hollow conductors, absence of 
electricity within, 23. 
space, influence within, 64. 
Holtz, 102, 120, 389. 
Hughes, 370. 
Humboldt, 130. 


Hydro -dynamic analogy, 179, 
259, 319. 

Hydrogen, 198, 251, 310, 
325. 


as dielectric, 92. 
voltameter, 303, 408. 
Hydrostatic analogy, 134, 151. 
Hypotheses, electric, 52. 
changes in modern physical, 
373. 
Hypothesis of ether necessary, 
375. 
magneto-electric light, 384. 
one-fluid, 187. 
two-fluid, 53, 178. 
voltaic, 200. 
Weber’s and Ampére’s, 231. 


Iegorow, Prof., 411. 
Ignition of liquids, 102. 
Immersion cell, 203, 250. 
Imponderables, 373. 
Incandescent lamps, 
408. 
Indifference points in Gramme 
ring, 357, 358. 
Indrikson’s thermopile, 327. 
Induction, electric, 47, 117. 
coils, 347, 355. 
in copper plate, 346. 
-current, increase of, 355. 


300, 362, 


Induction current in telephones, 
367. 
laws of, 339, 340, 348, 410. 
electro-magnetic, 337. 
spiral, 118. 
Inductionless wrapping, 347. 
Inductor, 364. 
Influence, 17, 45, 64, 92. 
checked by conducting screen, 
68. 
laws of, 65. 
machine, 102. 
compared with cell, 241. 
magnetic, 169. 
Infra red rays, 382. 
Insulation, difficulties of, 364. 
Insulators, 9, 58. 
to discharge, 83. 
no perfect, 10. 
Intensity of current, and resist- 
ance, 257, 262. 
of electric field, 154. 
measurement of great, 283. 
unit of current, 309. 
variability of, 311. 
measurement of, 286. 
Invar, coefficient of expansion of, 
281 
Inverse squares, law of, 63. 
Ionization, 353. 
of air, 414. 
Iridium rays, 413. 
Iron, 168, 226, 328, 340, 400, 
407. 
core for induction coils, 355, 
407. 
ore, magnetic, 167. 
paramagnetic, 397. 
resistance of wrought, 
282. 
transient magnetism of, 173. 


i aa 


279, 


Jacobi, 314. 
Jacobi’s current, 305. 
Joule’s laws, 300, 407. 


Kant-Laplace theory, 56. 
Kaolin, 280. 
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Kathode, 352. 

Kauffmann (electronic 
thesis), 56. 

Keeper of magnet, 227. 

Kilogrammetre unit of work, 163. 

Kirchhoff’s law, 287. 

Kites of Franklin, 129. 

Kleist jar, 78. 

Kohl, Max, 407, 409. 

Kohlrausch, 280. 


Lametta threads, 234, 401. 
Lamps, incandescent, 300, 362, 
408. 
arc, 363. 
Landolt, 279. 
Latimer Clarke’s cell, 209. 
Lead, 400. 
alloys, 280. 
deposition of, 325. 
plates for accumulators, 325. 
resistance of, 279. 
Lebedeff, 382. 
Lebedeff’s table of wave lengths 
in ether, 383, 412. 
Le Bon, Dr Gustave, 112, 341. 
Leclanché’s cell, 209. 
Lenz’s explanation of electric re- 
pulsion, 23. 
law of induction, 341. 
and Looser’s experiment, 284. 
Lesage, 316. 
Level surface, 36. 
Leyden jar, 78, 89. 
charging a large, 116. 
length of oscillations of, 383. 
Leyden jars, battery of, 117. 
Lifting power of magnets, 227, 
Light and electricity, connection 
of, 373, 384. 
Lighting, systems of electric, 
362. 
Lightning conductors, 101, 131, 
39 


cold, 131. 
flashes, 129, 163. 
Lines of force, best arrangement 
_ of, for dynamo, 355. 


hypo- . 


Lines of force, crowding of, 344, 
direction of, 343. 
electric, 57, 125, 375. 
magnetic, 125, 335, 367. 
parallel, 402. 

Lodge, Sir Oliver, 56, 412. 
Lodge’s experiment on magnet 
and current, 234. 

Looser, 285, 407. 
Liidtge, 370. 


Magnesium light as discharger, 


Magnet, action of, upon movable 
current conductor, 222. 
artificial, 169, 226. 
deflection of by currents, 229. 
molecular, 172. 
Magnetic attraction and repul- 
sion, 171. . 
axis, 398. 
and electric phenomena, com- 
mon cause of, 233, 
field, 335, 353, 362, 407. 
homogeneous, 402. 
induction current, 337. - 
influence, 169. 
iron ore, 167. 
Magnetism of earth as directing 


force in currents, 222, 
233. 

and electricity compared, 174, 
235, 


binding power of, 175. 
connected, 373. 
undischarged by contact, 175. 
Magnetize, how to, 170, 226. 
Magneto-electric machine (Pixii’s), 
353. 
undulations, 376, 411. 
Magnets and solenoids, laws of 
their mutual action, 224. 
Making and breaking of contact, 
337. 
Manganese ore, 209, 400. 
steel, resistance of, 279. 
Manganin, 214. 
resistance of, 279, 282. 
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Manometer, 282, 407. 
Maps, cheap reproduction of, 
315 


Marconi, 117, 412. 
Marienglas, 386. 
Marx, 412. 
Matter, Crookes’ fourth state of, 
413. 
formation of new varieties of, 
416. 
ultimate nature of, 416, 
“Meldes’ lightning conductor, 394. 
Mercuric oxide, 400. 
Mercurous sulphate, 210. 
Mercury, resistance of, 279. 
Metal plates, effect of close, 68. 
rods, 7. 
Metals, opacity of to X-rays, 
352. 


resistance of, 262. 
voltaic series of, 400. 
Meutzner, Dr P., 397. 
Mica, 6, 10, 386. 
Microfarad, 397. 
Microphone, 371. 
Mikro-mikron, 381. 
Mikron, 381. 
Minium, 326. 
Moisture on surface of metals, 
electrical effect of, 201. 
of the air, 12, 77. 
and storms, 130. 
Molecular currents, 
339, 398, 414. 
magnets, 172. 
oscillations, length of, 412. 
Molecules, 172, 383. 
diameter of solid, 412. 
Morse, 319. 
Morse’s alphabet, 320. 
recording telegraph, 319. 
Moving coil galvanometer, 289. 
Mihlenbein’s experiment, 219. 
Miiller, 130. 
Robt., 407. 
Miiller-Pouillet, 262, 391. 
Multiple are grouping, 205. 
Multiplier, 238, 


232, 235, 


Multiplying power of condenser, 
: 74 


Munke, 410. 


Nebula, primal, 56. 
Negative electricity, 14, 20, 


a deficiency, 54, 
Nernst’s incandescent lamps, 363. 
Netoliczka, 410. 
Neutralization of electricities, 17. 
New cell, 210. 
Newton’s emission theory, 415. 
Nickeline, resistance of, 279. 
Nickel, 169. 

alloys of, 280. 

paramagnetic, 397. 

resistance of, 279. 
Nitric acid, 209. 
Nitrogen, absorption of, by water, 

304. 

Noack, Professor K., 394, 396. 
Non-magnetic bodies, 228. 
Normal condenser, 74. 

winding, 360. 
North-seeking pole, 

233. 


170, 225, 


Obelisks, Egyptian, 131. 
Octaves of ether-waves, 381, 412. 
Odstréil’s pendulum electrometer, 


Oersted, ‘230, 317. 

Oettingen, Arth. von, 110. 

Ohm, 267, 277, 287, 288. 
unit of resistance, 277, 310. 

Ohm’s law, 265. 

Oil, 400. 

One-fluid hypothesis, 187. 
Oscillating magnet, action of on 
copper plate, 345. 
Oscillations, ether, 374, 412, 415. 

slow, alone affect nerves, 
411. 
in telephone, 368. 
transversal, in ether, 377. 
Ostwald on contact phenomena, 


201. 
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Ostwald’s analysis of energy, 162. 
Oxygen, 303, 325. 
* active,” 112. 
Oxyhydrogen gas, 303, 310, 325, 
408. 


Ozone, 112. 


Pacinotti, 358. 

Pacinotti’s ring, 357. 

Pantenius, H., 379. 

Paper, 7. 
electrometer, 394. 
electroscope, 7. 

Paraffin as dielectric, 92. 

Parallel grouping of cells, 205, 

252. 

Paramagnetic bodies, 397. 

Pendulum, disc, 156. 
electric, 4, 7, 60. 
electrometer, 60. 

Peroxide of lead, 325. 

Pfaundler, 129, 262. 

Pfliiger, 412. 

Phosphoric acid, 394. 

Photographic rays, 363. 
wave length of, 412. 

Photography and X- Taye, 414, 

Phototype, 314. 

Physical sciences, correlation of, 


Physics, object of, 373. 
Physiological effects of electricity: 
see ‘ Electricity.” 
Pitch in telephones, 365, 36/7, 
370, 
Pitchblende, 413, 414, 
Listy ooo. eee PE 
Pixil’s magneto-electric machine, 
waves of, 412. 
Planté, 325. 
Platino-cyanide of barium, 352, 
413. 
Platinum, 209, 328. 
rays, 413. 
resistance of, 279, 282. 
wire, 127. 
Poggendorff, 209. 
voltameter, 308. 


Poincaré, L., 149; H., 413. 
Points, action of, 41, 131. 
indifference, 357. 
Polar difference, 185, 204, 213. 
in cell, 195. 
surfaces, 168. 
Polarity, 173. 
change of, 108. 
of voltaic cell, 195. 
Polarization current, 199, 322. 
Pole pieces, 355. 
Poles, 168, 171. 
separation of, 172. 
Polonium, 414. 
Ponderables, 373. 
Popoff, 117. 
Positive electricity, 14, 15, 20, 
54;-391, 399) 
a superfluity, 53. 
Potassium-mica, 386. 
Potential, 154, 185, 393. 
and conductivity, 189. 
difference of, 122, 195, 288. 
electrostatic unit of, 158. 
fall of, in conductor, 182, 
215. 
hydrodynamic, 180. 
hydrostatic, 154. 
Pouillet, 313, 391, 410. 
Prismatic burette, 399. 
Projection of scale, 32. 
table, 198, 398. 
Proof ball and proof plane, 27, 
Puluj’s tubes, 351. 


Quantity of electricity, 299. 
to obtain a large, 390. 
unit of,.147, 150. 

Quinine crystals, 126. 
sulphate of, 391. 


Radiant state of matter, 413. 
Radio-active bodies, 413. 
Radio-activity, temporary, 415. 
Radium bromide, 414. 

rays, 413. 
Raindrop, charge on a, 130, 
Ramsay, Sir William, 115. 
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Rays, 363, 383. 
a-, B-, y-, 414. 
blue, 363. 
deflection of, 415. 
Y infra-red, 382. 
radium, 413. 
Rontgen, 413. 
table of, 383, 412. 
ultra-violet, 382. 
violet, 363. 
X-, 413. 
Red light, wave length of, 412. 
Reduction factor of tangent gal- 
vanometer, 313. 
Reflection of electric waves, 376, 
384, 
Refraction of electric waves, 376, 
384, 
Reis’s telephone, 365. 
Reiss, 49. 
Repulsion, law of electric, 59, 
392, 396. 
Residual charge, 85, 388. 
Resin, 1, 6. 
Resinous electricity, 14. 
Resistance, accurate determina- 
tion of, 294. 
action of a great, on flow of 
water, 261. 
box, 247, 277. 
comparison of, 282, 407. 
electric, of fluids, 255, 262, 
273. 
external and internal, 247, 263, 
268, 293. 
laws of, 257, 267. 
and length of conductor, 273. 
section of conductor, 273, 
specific, 277. 
unit of, 266. 
practical, 277. 
variation of, in telephone, 370. 
of wire coil, 411. 
wires, 275, 276. 
bridge, 288. 
Resistances, table of, 279. 
Resonance, electric, 378. 
Return shock, 118. 


Rheostat, 247, 277. 
adjustable, 278. 
Richmann, 391. 
Ring-armature, 355. 
Gramme’s, 360. 
Pacinotti’s, 357. 
Robinson, 319. 
Romanosi, 230, 401. 
Rontgen’s rays, 413. 
tubes, 352. 
Rose’s alloy, resistance of, 279. 
Rubbed bodies, laws of, 19. 
Rubber, influence of, 19. 
Rubens, 412. 
Rubies, 352. 
Ruhmkorff’s coil, 349. 
commutator, 217. 


Sal ammoniac, 209. 
Salt, action of, 192. 
Sand, 210. 
Saussure’s electroscope, 385. 
Schilling, Baron Paul, 317, 410. 
Schumann, 412. 
Schweigger, 238. 
Screen, effect of, 57, 68. 
Sealing wax, 6. 
Secondary cells, 325, 
coil, 348. 
conductor, 107. 
current, 325, 332, 353. 
Seebeck’s thermo-electric cell, 
327. . 
Self-exciting machine, 390. 
_ -induction, 346, 411. 
Sensitiveness of electrometer, to 
increase, 75. 
Sensory organ for electricity, 
absence of, 52, 145, 411. 
Series grouping, 205, 252. 
winding, 360. 
Service conductor, 360. 
Shadow, electric, 58. 
Shellac, 12. 
Shunt, 288, 291. 
winding, 361. 
Siemens, Werner, 354, 360, 364, 
370. 
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Siemens’ electric furnace, 364. 
Silicium, 386. 
Silk fibre, 5. 
Silver, 310, 328, 400. 
German: see “‘ German silver.” 
resistance of, 279. 
voltameter  (Poggendorff’s), 
308 


Sine galvanometer, 410. 

Sinsteden, 325. 

Slaby, 117. 

Soap bubbles, electrified, 26, 386. 

Soapstone: see “ Steatite.” 

Soda, solution of caustic hydrate 
of, 210. 

Soddy, Professor, 415, 416. 

Solenoid, 220, 231. 

galvanometer, 239, 289, 407. 


Sdémmering’s electro - chemical 
telegraph, 316. 
Soot, 21. 


Sound waves, energy of, 370. 
Space, all, traversed by lines of 
magnetic force, 335. 
Spark telegraphy, 117, 381. 
wave length of, 412. 
Sparks: see “ Electric sparks.” 
Specific conductivity, 276. 
resistance, 277. 
Spectrum, range of visible, 383. 
wave lengths of, 412. 
Spencer, Dr, 115, 314. 
Spheres, capacity of, 140. 
distribution of electricity on, 
41. 
Springer, Julius, 389. 
Springs, radio-activity of old, 
415. 
Standard cell, 209. 
Fleeming’s, 402. 
State, electroscopic, 37, 133. 
Steatite, 7, 13, 16, 397. 
Steel, 169, 226. 
resistance of, 279. 
Steinheil, 319. 
Stefan’s calculations for best shape 
of armatures, 355. 
Stewart, Balfour, 393. 


Stohrer’s magneto-electric ma- 
chine, 354. 
Sulphate of copper, 202, 246, 402. 
quinine, 391. 
zinc, 209, 246, 325, 402. 
resistance of, 279. 
Sulphur, 6, 375. 
as dielectric, 92. 
Sulphuric acid, 192, 202, 209, 
325. 
electrolysis of, 303. 
resistance of, 279. 
Surface of bodies affecting their 
electrification, 15, 81. 
curvature of, 34. 
equipotential, 36, 122, 154, 
390. 
outer, as seat of electricity, 23. 
Surfaces, polar, 168. 
Swimming rule of Ampére, 230. 
Faraday, 343. 
Symmer’s two-fluid theory, 52. 
Szymanski, 342, 410. 


Tale, 10, 397. 
Tangent galvanometer, 313, 401. 
Prof. E. Grimsehl’s, 403. 
Telegraph, electric, history of, 
316. 
systems, 321. 
Telegraphy, wireless (or spark), 
379, 412, - 
Telephone, 365. 
Tension, synonymous with E.M.F., 


362. 
confusion arising from the 
term, 397. 
Tesla, 411. 


Thermo-cell, 328. 
Thermo -electric current, 
408. 

series, 328. 
Thermometer, differential, 330, 
Thermoscope, 27. 
Thomson, J. J., 56. 
Thorium, 415. 
Thunderstorms, rise of, 129. 
Timbre in telephone, 365, 370. 


327, 
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Time required for electric action, 
375. 

Tin, 400. 

alloys, resistance of, 279. 

as solder, 204. 
Tinsel riband, 234. 
Topler, 102, 389. 
Torsion balance, Coulomb’s, 387. 
Transformation of current, 349. 
Transformers, 353. 
Trowbridge and Danne, 412. 
Tubes, Geissler’s, 351. 

Puluj’s, 351. 

Rontgen’s, 352. 
Turbines, 364. 
Turpentine, oil of, 126, 391. 
Two-fluid theory, 53, 178, 373. 


Ultra-gaseous state of matter, 413. 
-violet rays, 382, 383. 
Uncharged bodies, action of on 
charged, 66. 
Uranium rays, 413. 


Vacuum as dielectric, 92, 375. 
Vanderfliet, Professor, 386. 
Vanderfliet’s experiment, 22, 
23. 
Varnishes forelectric instruments, 
81. 
Vaseline, 400. 
Velocity of electric waves, 377. 
Violet rays, 363. 
wave length of, 412. 
Vitreous electricity, 14. 
Volt, 77, 158, 185, 310. 
Volta, 73, 77, 95, 158, 193, 305. 
Voltage of some constant ele- 
ments, 211. 
Voltaic cell, 193, 199. 
series, 400. 
Voltameter, 291, 305. 
copper, 305. 
gas, 301. 
Volta’s contact theory, 200. 
fundamental experiment, 201, 
399, 
Volt-coulomb, 162. 


Voltmeter, 289, 291, 408. 
Von Guericke, Otto, 99. 


Wagner's hammer, 348. 
Water, absorbent action of, on 
gases, 304, 
chemically pure, 302, 400. 
-dropping collector, 128. 
decomposition of, 301, 305. 
-pipes as conductors, 33, 50. 
Waterfalls as power-sources, 364. 
Wave-length, 376, 383, 412. 
Waves in ether, 54, 376, 381. 
measurement of, 381. 
sound, 369. 
table of lengths of, 383, 412. 
Weber, 128, 172, 225, 231, 317, 
339, 398. 
Weber’s earth inductor, waves of, 
412, 
Wehnelt’s electrolytic current- 
breaker, 351. 
Weiler’s cupron cell, 210, 211. 
Weinhold, 81. 
Weinhold’s improvement in 
electrometer, 32. 
Weinhold’s model, 358. 
Whalebone, 7, 10. 
Wheatstone’s bridge, 294. 
dial telegraph, 319. 
winding, 361. 
Wiedeman, 14. 
Wilde, 354. 
Wilke, 81. 
Wimshurst machine, 104. 
Wind, electric, 41. 
Windings of armature, various, 
360. 
Winter’s _ frictional 
machine, 96. 
Ving 4o: 
Wire cores, 359. 
gauze: see ‘“ Gauze.” 
Wireless telegraphy, 117, 379. 
Wires, action of thick conducting, 
252. 
effect of long fine, 254. 
Hertz waves in, 412. 


electric 
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Wires, resistance of, 275. 
Wood, 7, 8. 
as insulator, 204. 
diamagnetic, 228. 
Wood’s alloy, 279. | 
Work of earthed conductor, 161. 
done on frictional machine, 106, 
112. 
and electrification, 155. 
unit of, 157, 
practical, 161. 


X-rays, 352, 413. 


Zero, arbitrary, for potential, 54, 
393. 
Zetzsche, 410. 
Zinc sulphate, resistance of, 279 
(see also ‘Sulphate ”). 
Zine, 114, 192, 198, 209, 246, 
328, 399, 402. 
-copper couple, 193. 
diamagnetic, 397. 
resistance of, 279. 
Zone of indifference, 168. 
protected by lightning con- 
ductors, 132. 
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